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ABSTRACT 
REAGENTS FOR DETERMI NATIONS OF TRACE IMPURITIES IN  WATER 
Deter r r~ inat ions o f  t r a c e  i m p u r i t i e s ,  po l  1  u tan t s ,  i n  wa te r  a r e  o f t e n  
comp l i ca ted  by a  l a r g e  number o f  f a c t o r s  which consume a g r e a t  deal  o f  
t ime.  Thus, i d e a l  reggents --- s e n s i t i v e ,  s p e c i f i c ,  s t a b l e ,  water -  
s o l  ub l  e  reagents  --- a re  needed f o r  r a p i d ,  spec t ropho tomet r i  c  de te rmina t ions  
of t r a c e  i m p u r i t i e s  i n  wa te r .  Syntheses, p u r i f i c a t i o n s ,  and c h a r a c t e r i z a t i o n s  
o f  t h e  naphthol-mono-sul f o n i c  ac i ds  a re  descr ibed.  I n  a d d i t i o n ,  da ta  
e s s e n t i a l  t o  t he  quan t i  t a t i  ve e v a l u a t i o n  o f  va r ious  naph t h o l s u l  f o n i  c  ac ids  
i s  presented.  A  new method f o r  t h e  de te rm ina t i on  o f  n i t r a t e  i n  wa te r  i s  
descr ibed;  t he  proposed method, which uses 2 -n i  t roso-1 -naph tho l -4 -su l  f o n i c  
ac id ,  i s  much more r a p i d  than t he  p r e s e n t l y  accepted s tandard  methods f o r  
de te rm ina t i on  o f  n i t r a t e .  Another method, which uses 1  -naphtho l  -4-su l  f o n i c  
a c i d  f o r  t he  de te rm ina t i on  o f  n i t r a t e  and proposed by ano ther  worker  has 
been c a r e f u l l y  and c r i t i c a l l y  eva lua ted  and found t o  be s a t i s f a c t o r y  o n l y  
under very  c a r e f u l  l y  c o n t r o l  l e d  c o n d i t i o n s  . A new reagent ,  sod i  um 2-n i  t r oso -  
1-naph t ho l - 5 - su l  fona te ,  has been proposed f o r  t h e  r ap id ,  s p e c i f i c ,  s e n s i t i v e  
de te rm ina t i on  of c o b a l t  i n  n a t u r a l  waters .  F u l l  development o f  wa te r  
resources,  and t h e  c o n t r o l  o f  po l  1  u t a n t s  r e tu rned  t o  na tu ra l -wa te r  s y s t e ~ s ,  
a re  dependent upon methods o f  de te rmin ing  t r a c e  cons ti tuen t s  ; s i g n i f i c a n t  
c o n t r i b u t i o n s  toward meet ing those needs have been accompl i shed  i n  t h i s  
work. The methods can r e a d i l y  be a p p l i e d  t o  such d i v e r s e  systems as lakes  
where a g r i c u l  t u r a l  f e r t i l  i z e r  r un -o f f  may be s i g n i f i c a n t ,  t o  e f f l u e n t s  
f rom p l a n t s  i n  t he  metal 1  u r i  g i c a l  i n d u s t r y ,  t o  na tu ra l -wa te r  systems i n  
h i g h l y  m i n e r a l i z e d  areas, and t o  r u n - o f f  f rom s t r i p -m ined  lands. E f f e c t i v e  
new research areas a re  r e a d i l y  i d e n t i f i e d  as an ex tens ion  o f  t h e  work 
r e p o r t e d  here; b e t t e r  methods f o r  t he  de te rm ina t i on  o f  n i t r a t e  i n  water,  
and more s e n s i t i v e  methods f o r  t h e  de te rm ina t i on  o f  c o b a l t  i n  w a t e r  a r e  
env i  s  i oned. 
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INTRODUCTION 
Determinat ions of  t r a c e  i m p u r i t i e s  i n  wa te r  a r e  compl i c a t e d  i n  many 
ins tances  , as anyone who has analyzed wa te r  samples knows, by t he  necess i ty 
o f  p r i o r  separat ions f o r  removal o f  i n t e r f e r i n g  substances, t he  use o f  
pro longed evapora t ion  steps t o  concentrate t h e  i m p u r i t i e s  t o  concen t ra t ions  
above minimurn d e t e c t i o n  l e v e l s ,  t he  use o f  non-aqueous-solver~t e x t r a c t i o n s  . 
t o  enable use o f  wa te r - i nso lub le  reagents, t he  necess i t y  o f  bak ing  t o  
dryness f o r  example t o  a1 low n i t r a t i o n s  t o  occur  i n  concentrated ac ids ,  
t h e  c a r e f u l  r e g u l a t i o n  of t ime t o  c o n t r o l  t he  decornposit ion o f  uns tab le  
chemical substances i n  t he  system, and by many o t h e r  f a c t o r s .  The long-  
term o b j e c t i v e  o f  t h i s  research i s  t o  develop i d e a l  reagents;  s e n s i t i v e ,  
s p e c i f i c ,  s t ab le ,  wa te r -so lub le  reagents  f o r  r ap id ,  spect rophotometr ic  
de te r r r~ i  na ti ons o f  t r a c e  i m p u r i t i e s  i n  water .  
The rnedi urn- terrn o b j e c t i v e  o f  t he  research i s  t o  s tudy wate r -so l  ub l  e, 
s u l  fona ted  o&ohydroxyni t r oso  aromat ic  compounds, p a r t i c u l  a r l y  s u l  fonated 
n i  t rosonaphthol  s  . 
I t  i s  be l i eved  t h a t  t h i s  t y p i c a l  group o f  c h e l a t i n g  agents i s  one 
among which one o r  more such i d e a l  reagents rnay be i d e n t i f i e d .  The we1 1  
known n i t roso-R-sa l  t i s  one example o f  t h i s  type o f  reagent .  A1 1  these 
compounds r e a c t  w i t h  Fe( I1 )  , Co(11) , N i  (11) , and Cu(11) and probably  
P d ( I I ) ,  P t ( I I ) ,  and Mn(I1) i n  r e l a t i v e l y  d i l u t e ,  aqueous s o l u t i o n s  t o  
form c o l o r e d  complexes. B u t  as t he  s u b s t i t u e n t s  on t he  o rgan i c  reagents 
a re  v a r i e d  t h e  complexes (1 )  have d i f f e r e n t  s t a b i l i t i e s  i n  terms o f  
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i n  t h i s  r e p o r t .  The work on  problem A l e d  t o  t h e  n e c e s s i t y  o f  t he  work 
descr ibed  i n  Chapter 2. Chapter 5 ,  a  general  s t udy  o f  s yn thes i s  and 
c h a r a c t e r i z a t i o n  o f  t he  e n t i r e  f a m i l y  of these types o f  corr~pounds, 
c o n t r i b u t e d  s i g n i f i c a n t l y  t o  a1 1  s i x  o f  t h e  near- te rm o b j e c t i v e s .  
The a t t e n t i o n  of t he  reader  i s  d i r e c t e d  t o  Chapters 1  t h r u  5 o f  
t h i s  r e p o r t  where d e t a i l e d  p r e s e n t a t i o n  o f  t he  achievementsof t h e  p r o j e c t  
o b j e c t i v e s  a r e  presented, as a re  summaries of t he  research  procedures used 
and t h e  s p e c i f i c  r e s u l t s  and conc lbs ions t h a t  were reached. 
The e f f i c i e n c y  o f  a s s i m i l a t i o n  and t h e  1  ong-range e f f e c t i v e n e s s  o f  
research a r e  o f t e n  r e l a t e d  t o  t he  e f f e c t i v e n e s s  o f  communication o f  t he  
research r e s u l  t s  , n o t  o n l y  t o  p r o f e s s i o n a l  peers, b u t '  t o  p r o f e s s i o n a l s  
i n  o t h e r  s c i e n t i f i c  d i s c i p l i n e s  and t o  t h e  educated, r ead ing  p u b l i c .  
I n  an a t t emp t  t o  f a c i l i t a t e  e f f e c t i v e  communication, Chapter 6 was 
w r i t t e n  t o  dec lare,  i n  laymen's language and terms, t h e  f i n d i n g s  o f  t he  
research  descr ibed  i n  t h i s  r e p o r t .  

Chapter 1  
THE SPECTROPHOTOMETRIC DETERMINATION OF NITRATE I N  WATER 
USING 2-NITROSO-1-NAPHTHOL-4-SULFONIC ACID 
Frank N. Abercrombie* and A l b e r t  L. Caskey 
I. INTRODUCTION 
It has become i n c r e a s i n g l y  apparen t  w i t h i n  t h e  s c i e n t i f i c  comniuni ty, 
as w e l l  as t h r o u g h o u t  s o c i e t y  as a  whole,  t h a t  man must make a  g r e a t e r  
e f f o r t  t o  p r o t e c t  h i s  env i ronment  from t h e  e f f e c t s  o f  n a t u r a l  and u n n a t u r a l  
( t e c h n i c a l  ) chemical  con tamina t ion .  Var ious  i norgan i  c - n i  t r o g e n  compounds 
a r e  capable  o f  b e i n g  advantageous ly  u t i  1  i zed i n  t h e  e n v i  ronrnent such as 
i n  s o i l  f e r t i l i z a t i o n  i n  fa rm ing .  However, because o f  t h e i r  t o x i c  n a t u r e ,  
t h e  occur rence  o f  these  same compounds, even a t  t h e  t r a c e  i m p u r i t y  l e v e l  i n  
n a t u r a l  waters ,  p r e s e n t s  an env i ronmenta l  prob lem o f  r e a d i l y  recogn ized  
impor tance.  
The occur rence o f  n i t r a t e  i n  n a t u r a l  wa te rs  p resen ts  a  h e a l t h  
hazard t o  humans and l i v e s t o c k  consuming t h i s  water .  E. H. W. J. Burden 
(1 ) has rev iewed  t h e  t o x i c  p r o p e r t i e s  o f  n i t r a t e  w i t h  a  s p e c i a l  emphasis 
* C u r r e n t  address : M a t e r i  a1 s  Research Labora to ry ,  
Uni v e r s i  ty o f  I 1  1  i n o i  s, Urbana, I 1  1  i n o i  s  61 801 
g i ven  t o  t h e  p o t a b i l i t y  o f  wa te r  supp l i es .  More than 45 p a r t s  p e r  m i l l i o n  
(ppm) o f  n i t r a t e - n i t r o g e n  i s  o f t e n  f a t a l  t o  i n f a n t s .  Over pro longed 
pe r i ods  o f  t ime,  15 t o  20-ppm n i t r a t e - n i t r o g e n  i s  f r e q u e n t l y  f a t a l  t o  
1  i v e s t o c k .  Concent ra t ions o f  n i t r a t e  i n  n a t u r a l  waters  which w i l l  n o t  
cause dea th  i n t e r f e r e  w i t h  r ep roduc t i on ,  we igh t  ga in ,  and m i l k  p roduc t i on  
i n  d a i r y  c a t t l e .  
The geographica l  d i s t r i b u t i o n  o f  n i t r a t e  p o l  1  u t i o n  i n  we1 1  waters  
i n  t h e  s t a t e  o f  I l l i n o i s  has been d iscussed by Larsen and Henly (2 ) .  They 
c o r r e l a t e d  n i t r a t e  concen t ra t i on  w i t h  we1 1  depth, and w i t h  geographica l  
and geo log i ca l  areas. I n  w e l l s  o f  frorn 0-25 f e e t  i n  depth, 28 % con ta ined  
a t  l e a s t  10-ppm n i t r a t e - n i t r o g e n ,  and 13 % conta ined more than 23-ppm 
n i t r a t e - n i t r o g e n .  Most o f  t h e  da ta  f o r  t h e  r e p o r t  by Larsen and Henly 
was ob ta ined  f rom about  9000 de te rmina t ions  o f  n i t r a t e ,  conducted by t h e  
I 1  1  i n o i s  S t a t e  Water Survey, w i t h  some dupl  i c a t i  on f o r  i n d i  v i  dual  we1 1  s. 
I n  t h e  o p i n i o n  o f  these authors ,  t h e  Larsen and Henly r e p o r t  i n d i c a t e s  
t h a t  n i t r a t e  p o l l u t i o n  occurs t o  such an e x t e n t  i n  I l l i n o i s  t h a t  t h e r e  i s  
reason f o r  concern. 
The occurrence o f  n i t r a t e  i n  n a t u r a l  waters  i s  cornpl icated by t h e  
unavai 1  a b i l i t y  o f  an accepted, r e l i a b l e ,  r a p i d ,  accurate ,  s imp le  method 
w i t h  which t h e  concen t ra t i on  o f  n i t r a t e  can be determined. Methods sug- 
gested f o r  t h e  de te rm ina t i on  o f  n i t r a t e  concen t ra t ions  i n  n a t u r a l  waters  
are n e a r l y  as v a r i e d  as t h e  chemis t ry  o f  t h e  elerrlent n i t r o g e n .  Severa l  
methods have u t i  1  i zed t h e  p r o p e r t i e s  o f  n i  t rogen(V)  ; t h e  n i t r a t e  i o n  i n  
a c i d i c  aqueous media can f u n c t i o n  as an o x i d i z i n g  agent and t h e  n i t r o n i u m  
i o n  can f u n c t i o n  as a  n i t r a t i n g  agent.  Other methods r e q u i r e  t h e  r e d u c t i o n  
o f  n i t r a t e  t o  n i t r i t e ;  t h e  n i t r i t e  then  a c t s  as an o x i d i z i n g ,  n i  t r o s a t i n g ,  
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data,  was descr ibed by Abercrombie and Caskey (16 ) .  Those f i n d i n g s  
have served as t h e  bas i s  f o r  t h e  research descr ibed  i n  t h i s  chap te r  o f  
t h i s  r e p o r t  and are summarized i n  t h e  t e x t  immediately f o l l o w i n g .  
The spec t ra  o f  t h e  t h r e e  compounds o f  i n t e r e s t  i n  t h e  s tudy were 
s u f f i c i e n t l y  d i f f e r e n t  t h a t  i t  was easy t o  f o l l o w  t h e  course o f  t h e  
n i t r a t i o n  reac t i ons  spect rophotometr i  c a l  l y  . The s p e c t r a l  c h a r a c t e r i s t i c s  
o f  these  compounds a re  presented i n  F igu re  1 and i n  Table 1 . The symbol s  
2-NO, 2-NO2, and 2,4-NO2 represen t  2-ni  t r oso -1  -naphthol  -4-su l  f o n i c  ac id ,  
2 -n i t ro -1 -naphtho l  - 4 - s u l f o n i c  ac id ,  and 2 ,4 -d in i t r o -1  -naphthol ,  respec- 
t i v e l y .  
The s t a b i l i t y  o f  t h e  a n a l y t i c a l  chemical reagent,  2 - n i t r o s o - l -  
naphthol  -4-sul  f o n i c  ac id ,  was s t u d i e d  as a f u n c t i o n  o f  temperature,  l e n g t h  
o f  t h e  hea t i ng  i n t e r v a l  , and perch l  o r i  c  a c i d  concen t ra t ions .  2-Ni t r o s o - l -  
naphthol  -4-su l  f o n i  c  a c i d  does n o t  s i  gn i  f i  c a n t l y  decompose when heated f o r  
l e s s  than  2 hours i n  concen t ra t ions  o f  p e r c h l o r i c  a c i d  o f  l e s s  than  4.9 N 
and i n  temperatures o f  l e s s  than 50 OC. I nc reas ing  t he  temperature o r  
perch l  o r i  c  a c i d  concen t ra t i on  causes decomposit ion o f  2 -n i t roso-1  -naphthol  - 
4-su l  f o n i  c  ac id .  
The p roduc t  formed by t h e  r e a c t i o n  o f  2-n i  t r oso -1  -naphthol  -4 -su l -  
f o n i c  a c i d  w i t h  excess n i t r a t e  i n  ho t ,  a c i d i c ,  aqueous s o l u t i o n s  was 
i s o l a t e d ,  charac te r i zed ,  and c l e a r l y  r e a f f i r m e d  t o  be 2 ,4 -d in i t ro -1 -  
naphthol .  
2-Ni t r o - 1  -naphthol  -4-su l  f o n i  c  a c i d  was prepared by t h e  " n i t r a t i o n "  
and o x i d a t i o n  o f  2 -n i t roso-1 -naphtho l -4 -su l fon ic  ac id .  The potassium s a l t  
of 2 -n i  t r o - 1  -naphthol  - 4 - su l f on i  c  a c i d  was i so l  ated, c h a r a c t e r i  zed, and 










Table 1 .  U l t r a v i o l e t  Absorp t ion  Spectra (16)  
2-Ni t r o s o -  
1  -naphthol  - 
4 - s u l f o n i c  a c i d  
X 
max 
(mlJ 1 € 
2,4-Dini t r o -  
1  -naphthol  
max 
(mu > €a 
2-Ni t r o -  
1  -naphthol  - 
4 - s u l f o n i  c  a c i d  
a ~ r o m  slopes o f  Beer ' s  law p l o t s ,  c a l c u l a t e d  v i a  I B M  1620 
computer f rom t h e  o r i g i n a l  data.  
Excess 2 - n i  t r o s o - 1  -naph tho l  - 4 - S L I ~  f o n i  c  a c i d  r e a c t e d  w i t h  n i t r a t e  
i o n  i n  8.44 - N p e r c h l o r i c  a c i d  a t  50.5 O C  w i t h i n  45 m inu tes  t o  form 2- 
n i  t r o - 1  - n a p h t h o l - 4 - s u l f o n i c  a c i d .  The absorbance va lues  a t  t h e  most 
i n t e n s e  a b s o r p t i o n  maxima o f  2 - n i  t r o s o - 1  -naph tho l  -4 -su l  f o n i  c  a c i d  and 
2 -n i  t r o - 1  -naph tho l  -4 -su l  f o n i  c  a c i d  were shown t o  be 1  i n e a r l y  dependent 
upon t h e  amount o f  n i t r a t e  p r e s e n t .  B e e r ' s  l a w  was obeyed o v e r  a  range 
o f  0.3-13 ppm n i t r a t e - n i t r o g e n  under  t h e  c o n d i t i o n s  o f  absorbance measure- 
ments. 
The main o b j e c t i v e  o f  t h e  r e s e a r c h  r e p o r t e d  h e r e  was t o  deve lop a  
p r a c t i c a l ,  r e l i a b l e ,  s e n s i t i v e ,  a c c u r a t e  method f o r  t h e  d e t e r m i n a t i o n  
o f  n i t r a t e  u s i n g  2 - n i  t r o s o - 1  -naph tho l  -4 -su l  f o n i  c  a c i d  as t h e  a n a l y t i c a l  
r e a g e n t .  The new method was t o  be s u p e r i o r  t o  t h e  methods which  have 
been t e n t a t i v e l y  accepted by t h e  American Water Works A s s o c i a t i o n  ( 1  3 ) .  
A  secondary  o b j e c t i v e  o f  t h e  r e s e a r c h  was t o  i n v e s t i g a t e  t h e  c h e r r ~ i s t r y  o f  
t h e  r e a c t i o n  between n i t r a t e  and 2 - n i  t r o s o - 1  -naphtho l  -4 -su l  f o n i c  a c i d  
i n  aqueous p e r c h l o r i c  a c i d  and t h u s  be b e t t e r  a b l e  t o  unders tand  t h e  
sys tem and t o  more r e a d i l y  be a b l e  t o  i d e n t i f y  and e r a d i c a t e  p o s s i b l e  
i n t e r f e r e n c e s  w i t h  t h e  method. Both  o f  t h e s e  o b j e c t i v e s  have been success- 
f u l l y  s a t i s f i e d  th rough  an e x t e n s i v e  s t u d y  (17 )  o f  t h e  chemical  system; 
a  p o r t i o n  o f  t h e s e  s t u d i e s  have been p r e s e n t e d  i n  t h i s  c h a p t e r  o f  t h i s  
r e p o r t .  I n  o r d e r  t o  f a c i l i t a t e  t h e  acceptance o f  t h e  rnethod and t o  b e t t e r  
communicate t o  w a t e r  and sewage t r e a t m e n t  p l a n t  pe rsonne l ,  Abercrombie 





Reagent-grade chemicals rrleeting American Chernical Soc ie t y  s p e c i f i -  
ca t i ons  were used whenever ava i  l a b l e .  Addi ti onal chemi c a l  s  used were t he  
h i ghes t  grade avai  1  ab le .  
The 2 -n i  t r oso -1  -naphthol  -4-su l  f o n i  c  a c i d  was p r e v i o u s l y  prepared 
and descr ibed  by Caskey (19) .  Th is  cornpound i s  a l s o  commerc ia l ly  a v a i l -  
ab le  f rom the  G. F rede r i ck  Smith Chemical Company. 
The wate r  used was de ion ized  wate r  which had been prepared f rom 
d i s t i l l e d  water  by pass ing t he  water  through 45 x  400-mrn and 38 x  400-rnn~ 
co l  umns o f  monobed, s e l f - i n d i c a t i n g ,  ion-exchange r e s i n ,  Rohm and Haas 
Amberl i  t e  MB3 ( M a l l i n c k r o d t  322 G). The de ion ized  wate r  was s t o r e d  f r e e  
f rom carbonate. 
B. Equipment 
A  Corning Model 12 pH meter, equipped w i t h  a  general-use g lass  
e lec t rode ,  and a  f i  ber- type,  sa tu ra ted-ca l  omel e l ec t rode  was used t o  
measure t he  pH o f  t he  s o l u t i o n s .  The e lec t rode  system was c a l i b r a t e d  
us ing  commercial l y  avai  l a b l e  b u f f e r s .  
Beckman Model DB (1  401 ) and DK-1 A  reco rd ing  spectrophotometers 
and a  Cary Recording Spectrophotometer, Model 11, were used f o r  t h e  
absorbance rr~easurements, a long w i t h  matched, s i l i c a ,  absorp t ion  c e l l s  
o f  e i t h e r  1.00-, 2.00-, o r  10.00-cm path leng th .  
Three d i f f e r e n t  types o f  co r l s t a r~ t  temperature ba th  c o n t r o l l e r  
u n i t s  were used. They i n c l  uded a  Prec i  s i  on S c i e n t i  f i  c  Co. Porta-temp. 
r egu l  a t o r  (Sargent 84875), a  Sargent Therrnorli t o r  Cor l t rol  1  ed Water Bath 
(Sargent  S-84810), and a  Sargent Thermoni tor  Model ST Water Bath (Sargent  
S-82052). 
Boros i  li ca te  glassware was used e x c l u s i v e l y .  A1 1  vo l ume t r i c  g l ass -  
ware used' was NBS Class A qua1 i ty. The glassware was cleaned by r i n s i n g  
seven t imes w i t h  d i s t i l  l e d  wa te r  and d r y i n g  a t  120 OC. Occas iona l l y ,  t he  
glassware was washed i n  a  hot -water ,  Alconox s o l u t i o n  p r i o r  t o  t he  d i s -  
t i l l e d  wa te r  r i n s e .  
Repi pe ts  ( Lab indus t r i es  301 0-A) were a1 so used f o r  d e l i v e r i n g  
s o l u t i o n s  i n  accura te  volumes . For  one-vol  ume s e t t i n g s ,  t he  r e p i p e t s  
were found t o  d e l i v e r  volumes o f  d i s t i l l e d  wa te r  w i t h  s tandard d e v i a t i o n  
(m l )  o f  4  x  lr4 (2.00), 8  x  (2 .00) ,  and 1.7 x  l o m 3  (1.00) f o r  s i x  
tri a1 s  . 
C. Exper imental  Procedure -- f o r  t h e  Proposed A n a l y t i c a l  Method -- f o r  t h e  
Dete rmina t ion  o f  N i t r a t e  i n  Na tu ra l  Water's 
1. Speci a1 Stock So lu t i ons  
a. 2-Ni t r oso -1  -Naphthol -4-Sul f o n i  c  Ac id  Reagent 
D i sso l ve  0.1534 g  2 -n i  t r oso -1  -naphthol  -4-su l  f o n i  c  a c i d  and d i  1  u t e  
t o  200.0 rr11 w i t h  de ion i zed  wate r  t o  prepare a  2.358 x  10-3 - M 2 - n i t r o s o - l -  
naphtho l  -4-su l  f o n i c  a c i d  s o l u t i o n .  ( D i s t i l  l e d  wa te r  may be s u b s t i t u t e d  
i f  de ion ized  wate r  i s  n o t  a v a i l a b l e . )  
b. Stock N i t r a t e  S o l u t i o n  
D i sso l ve  0.3609 g  anhydrous potassium n i t r a t e  and d i l u t e  t o  1000.0 
r r ~ l  w i t h  de ion ized  wate r .  Th i s  s o l u t i o n  con ta ins  50.0 mg N/1. 
c.  Standard N i t r a t e  S o l u t i o n  
C a r e f u l l y  d i l u t e  10.00 rn l  o f  t h e  s t ock  n i t r a t e  s o l u t i o n  t o  100.0 m l  
w i t h  de ion ized  water;  1  .OO m l  = 5.00 x  l o m 3  mg N  o r  22.2 x  mg NO3. 
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i. S u l f u r i c  Ac id  So lu t i on ,  1  N 
- - - 
- 
Add 28 rr11 s u l f u r i c  ac i d  t o  750 rrll de ion ized  water  and d i l u t e  t o  
1  1  i t e r  a f t e r  coo l i ng .  
j. Sodiurn Hydroxide So lu t i on ,  - 1 - N 
D isso lve  40 g  sodium hydrox ide i n  de ion ized  wate r  and d i l u t e  t o  
1  l i t e r .  
k  . Potass i  urn Perrnanganate , -- 0.1 N 
- 
Disso lve  0.316 g  potassiurrl perrnanganate i n  de ion ized  water  and 
d i l u t e  t o  100 r n l .  
2. Assay o f  P e r c h l o r i c  Ac id  f o r  Redox I m p u r i t i e s  
---
Place 1  .OO rn l  o f  t he  2 -n i  t roso-1  -naphthol  -4-sul  f o n i  c  a c i d  so l  u t i o r l  
i n  two 100-ml vo lume t r i c  f l a s k s .  Add 2.00 m l  o f  t h e  s tandard n i t r a t e  
s o l u t i o n  t o  one o f  t h e  f l a s k s  and s u f f i c i e n t  de ion ized  wate r  t o  each f l a s k  
t o  make t he  volume o f  l i q u i d  i n  each f l a s k  7.5 m l .  Add 10.00 m l  o f  t h e  
p e r c h l o r i c  a c i d  f rom the  b o t t l e  be ing  assayed and hea t  each f l a s k  a t  50 O C  
f o r  70 minutes. Add approx i r r~ate ly  50 m l  c o l d  de ion ized  wate r  t o  each 
f l a s k  and d i l u t e  t o  volume a f t e r  e q u i l i b r a t i o n  t o  room temperature.  (The 
c o l d  de ion i zed  water  i s  ob ta ined  by b u r y i n g  t he  wate r  b o t t l e  i n  i c e .  I f  
i c e  i s  n o t  a v a i l a b l e ,  t h i s  can be om i t t ed . )  Measure t h e  absorbance o f  
each s o l u t i o n  a t  e i t h e r  261 o r  222 mp aga ins t  a  de ion ized  wate r -ac id  
b lank con ta in i ng  10.00 ml p e r c h l o r i c  ac id /100 ml o f  volume. I f  t h e  a c i d  
i s  acceptable f o r  use i n  t h i s  procedure, t h e  absorbances o f  a  1  -cm pa th  
o f  t h e  s o l u t i o n  c o n t a i n i n g  n i t r a t e  should be 0.51 20.03 a t  222 mp and 0.49 
fO.O1 a t  261 mp. Also, t he  absorbances o f  a  1-cm pa th  o f  t he  s o l u t i o n  
w i t h o u t  n i t r a t e  should be 0.25 t0 .05 a t  222 mp and 0.57 20.02 a t  261 mp, 
i f  the  a c i d  i s  acceptable.  P e r c h l o r i c  a c i d  f rom G. F reder ick  Smith 
Chemical Co. was found t o  c o n s i s t e n t l y  meet these requi rements.  
3. Pret reatment  o f  Water Sarr~ples 
-- 
The necess i t y  o f  us i ng  t he  f o l l o w i n g  procedures must be determined 
by t h e  na tu re  o f  t h e  i n d i v i d u a l  wa te r  sample. 
I f  i r o n ( I 1 )  i s  present ,  add 1 .OO m l  1  - N sodium hydrox ide t o  75.00 
rr11 o f  t h e  water  sarnple and s t i r  t he  s o l u t i o n  w h i l e  bubb l i ng  a i r  o r  oxygen 
through t h e  s o l u t i o n  f o r  5  minutes. N e u t r a l i z e  t h e  s o l u t i o n  t o  pH 7 fl 
w i t h  t h e  1 - N s u l f u r i c  a c i d  i f  the  s o l u t i o n  i s  t o  be t r e a t e d  f o r  c o l o r ,  o r  
add 1 .OO r n l  1  - N s u l f o n i c  a c i d  i f  n i t r i t e  i s  t o  be removed. An a l t e r n a t e  
procedure f o r  t h e  removal o f  i r o n ( I 1 )  i s  discussed l a t e r  i n  con junc t i on  
w i t h  t he  removal o f  n i t r i t e .  
Deco lo r i ze  t he  wate r  sample as necessary by adding 3 m l  aluminum 
hydrox ide  f l o c  t o  t he  t rea tment  sample and s t i r r i n g  f o r  5  minutes. F i l t e r  
t h e  s l u r r y  through a long-stern 60' funne l  f i t t e d  w i t h  a  wash cone o f  
Whatman 40 f i l t e r  paper. A l i q u i d  colurnn i n  t he  stem w i l l  acce le ra te  t he  
f i l t r a t i o n  process. 
I f  n i t r i t e  o r  i r o n  i s  present ,  add 1 rrll 1  - N s u l f u r i c  a c i d  t o  t he  
t rea tment  sample and s t i r .  Add dropwise w h i l e  s t i r r i n g  t h e  0.1 - N .potas- 
s i  um permanganate u n t i l  a  f a i n t  p i n k  c o l o r  p e r s i s t s  f o r  a t  l e a s t  15 
minutes. (A s l i g h t  excess can be removed by h e a t i n g  and s t i r r i n g  t h e  
s o l u t i o n  a f t e r  adding a few p ieces o f  f i l t e r  paper.) Make t he  p roper  
deduc t ion  a t  t he  end o f  t h e  n i t r a t e  de te rm ina t i on  f o r  t h e  n i t r i t e  con- 
c e n t r a t i o n  as determi  ned by t he  method descr ibed  i n  "N i t rogen  ( N i t r i t e ) "  
i n  "Standard Methods f o r  t h e  Examination o f  Water and Wastewater" (13).  
Ad jus t  t h e  pH o f  t h e  s o l u t i o n  t o  7. 
I f  c h l o r i d e  i s  present ,  add w i t h  s t i r r i n g  3 drops o f  t h e  Volhard 
i n d i c a t o r  s o l u t i o n ,  3  drops o f  n i t robenzene,  and a known excess o f  s tandard 
s i l v e r  s o l u t i o n  t o  a  separate 25.00 m l  p o r t i o n  o f  t h e  water  sample. 
T i t r a t e  t he  s o l u t i o n  w i t h  t he  potassium th i ocyana te  s o l u t i o n  t o  a  f a i n t  
ye1 low, orange, o r  brown c o l o r  o f  t h e  end p o i n t .  The volume o f  s i l v e r  
s o l u t i o n  consumed by t h e  c h l o r i d e  p resen t  i s  g iven by: ml Ag consumed 
= ml Ag added - ml KCN x  KCN t i t e r .  The ml o f  s i l v e r  s o l u t i o n  m u l t i p l i e d  
by a  f a c t o r  o f  3  i s  t h e  volume o f  s i l v e r  s o l u t i o n  necessary t o  remove t he  
c h l o r i d e  f rom t h e  t rea tment  sample. ( I f  i t  i s  necessary t o  add more than  
10 m l  o f  s i l v e r  s o l u t i o n ,  prepare a  more concentrated s i l v e r  s o l r ~ t i o n  and 
a d j u s t  t h e  volume t o  be added acco rd ing l y . )  I f  t h e  s o l u t i o n  con ta ins  o n l y  
a  t r a c e  o f  c h l o r i d e ,  add 0.1 m l  s tandard s i l v e r  s o l u t i o n .  A f t e r  s t i r r i n g ,  
f i l t e r  t he  s o l u t i o n  through a  Whatman 40 f i l t e r  paper cone i n  a  long-stem 
600 funnel  p r e t r e a t e d  as f o l l o w s :  add 3  ml o f  t h e  aluminum hydrox ide  f l o c  
t o  25 m l  o f  de ion ized  wate r  and a f t e r  s t i r r i n g ,  f i l t e r  t h e  s l u r r y  through 
t h e  f i l t e r  paper cone t o  be used, o r  use t h e  f i l t e r  paper cone used p re -  
v i o u s l y  i n  t h e  removal o f  c o l o r .  
D i l u t e  t he  sample t o  100.0 m l  w i t h  de ion ized  water  i f  any o f  t h e  
p re t rea tment  procedures were necessary. I f  pre t rea tment  was n o t  necessary, 
do n o t  d i l l ~ t e  t he  sample. 
4. Treatment o f  Water Sample and Standard So lu t i ons  f o r  U l t r a -  
v i  01 e t  AbsorbanceMeasuremexs 
Place accurately-measured , equal v o l  urrles (1.0-6.5 r r ~ l  ) o f  t he  p re -  
t r e a t e d  wate r  sample i n  two 100-ml v o l h m e t r i c  f l a s k s .  The sarnples should 
c o n t a i n  0.3-20 pg o f  N; d i l u t e  i f  necessary. 
Prepare a  s e r i e s  o f  s tandard s o l u t i o n s  by p l a c i n g  0.00, 0.20, 0.40, 
0.50, 0.75, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5.00 rn l  
o f  t h e  s tandard n i t r a t e  s o l  u t i  on i n  100-ml v o l  l lmetr i  c  f l  asks. 
Add 1.00 m l  o f  t h e  2-nitroso-1-naphthol-4-sulfonic a c i d  s o l u t i o n  
t o  one f l a s k  i n  each p a i r  of  samples and a l l  f l a s k s  i n  t he  s e r i e s  o f  
s tandard s o l u t i o n s .  Add s u f f i c i e r ~ t  wa te r  t o  a l l  f l a s k s  t o  rnake t h e  volume 
o f  s o l u t i o n  i n  each f l a s k  7.5 m l .  Add 10.00 m l  p e r c h l o r i c  a c i d  t o  each 
f l a s k ,  s topper ,  shake w e l l ,  and p lace  t he  f l a s k  i n  a  50 O C  ba th .  Rernove 
each f l a s k  a f t e r  a  t ime  i n t e r v a l  o f  30-70 rninutes and add 50 rnl c o l d  
de ion ized  water .  A l l  f l a s k s  should be heated t h e  same l eng th  o f  t ime  fl 
minute.  The Beer ' s  law curves w i l l  have t h e  g r e a t e s t  s lope  i f  t h e  hea t i ng  
t ime  i s  70 minutes. A f t e r  t h e  f l a s k s  have e q u i l i b r a t e d  t o  room temperature, 
d i  1  h t e  t o  volume. 
Measure t h e  absorbances, p r e f e r a b l y  w i t h i n  1-2 hours a t  222 mp 
and/or 261 mp. Use a  b lank o f  10.00 rr11 o f  p e r c h l o r i c  a c i d  d i l u t e d  t o  
100.0 ml w i t h  de ion ized  wate r  and 1-cm c e l l s  f o r  t h e  s tandard s e r i e s  
s o l u t i o n s .  Use t he  wate r  sample i n  each p a i r  which does n o t  c o n t a i n  
2 -n i  t r oso -1  -naphthol  -4-sul  f o n i  c  ac i d  as t he  b lank f o r  t he  o t h e r  s o l u t i o n  
i n  t h e  p a i r .  The use o f  t h e  water  sample heated i n  ac id  can be om i t t ed  
i f  t h e  h i s t o r y  o f  t h e  wate r  sample i s  such t h a t  t h e  absorbance a t  222 mp 
o r  261 mp i s  i n s i g n i f i c a n t .  The wate r  sample b lank may then  be rep laced 
w i t h  t h e  de ion ized  wa te r -pe rch lo r i c  a c i d  b lank .  
Cons t ruc t  a  work ing  curve by p l o t t i n g  absorbance vs. micrograms 
o f  n i t r o g e n .  Draw t h e  bes t  s t r a i g h t  l i n e s  through t h e  two l i n e a r  reg ions  
and approximate t h e  cu rva tu re  a t  t h e  h i ghe r  concen t ra t ions  o f  n i t r a t e .  
The i n t e r s e c t i o n  o f  t he  two, s t r a i g h t - l i n e  reg ions,  i f  bo th  are present,  
a t  lower  n i t r a t e  concen t ra t ions  i s  t h e  lower  l i m i t  f o r  t h e  d e t e c t i o n  o f  
n i t r a t e  f o r  a  g iven  sample o f  p e r c h l o r i c  ac id .  ( I f  a  reagent  b lank 
c o r r e c t i o n  i s  necessary f o r  a  g iven  l o t  o f  p e r c h l o r i c  ac id ,  the  c o r r e c t i o n  
may be made chemica l l y  by adding sodium n i t r a t e  [ a t  1  % excess o f  t h e  
amount equ i va len t  t o  t he  b l ank ]  t o  t h e  2 -n i  t roso-1 -naphtho l -4 -su l fon ic  
a c i d  s o l u t i o n .  A  new work ing curve must be prepared i f  the  chemical 
c o r r e c t i o n  i s  used.) Only one s e r i e s  o f  s tandard  s o l u t i o n s  i s  necessary 
f o r  each b o t t l e  o f  p e r c h l o r i c  a c i d  i f  t h e  v a r i a b l e s  o f  temperature and 
t ime  are t he  same f o r  subsequent wa te r  samples s t u d i e d  a t  l a t e r  dates w i t h  
t h e  same spectrophotometer.  I f  two b o t t l e s  o f  p e r c h l o r i c  a c i d  a re  mixed 
i n  a  g a l l o n  con ta iner ,  i t  i s  poss ib l e  t o  analyze i n  excess o f  350 samples, 
i r r e s p e c t i v e  o f  b lanks,  us ing  t h e  same work ing curve. 
Read t h e  micrograms o f  n i t r o g e n  f rom the  graph f o r  each sample. I f  
a  sample o f  75 ml was d i l u t e d  t o  100 ml ,  m u l t i p l y  t he  amount o f  n i t r o g e n  
read f rom t h e  graph by 1.333; i f  t h e  o r i g i n a l  sample was n o t  d i l u t e d ,  om i t  
t h i s  ope ra t i on .  The concen t ra t i on  o f  t h e  n i t r o g e n  i n  t h e  sample i s  then:  
mg/l n i t r a t e  - N = ug n i t r a t e - N  x  l / m l  sample 
mg/l n i t r a t e  = mg/l n i t r a t e - N  x  4.43. 
5. Treatment o f  Water Sample - and Standard S o l u t i o n  f o r  V i s i b l e  
Absorbance Measurements 
The procedure i s  t he  same as t h a t  i n  p a r t  4., except  where noted. 
Use 50-1111 v o l u m e t r i c  f l a s k s  f o r  a l l  s o l u t i o n s .  It i s  n o t  necessary t o  use 
p a i r e d  samples i n  o rde r  t o  have a  b lank i n  t h i s  procedure, un less t h e  
water  sample absorbs a t  525 mu. A f t e r  p repa r i ng  the  s o l u t i o n s  as descr ibed  
i n  p a r t  3., add 20 ml o f  i c e - c o l d  de ion ized  wate r  t o  each f l a s k  a t  t he  end 
o f  t he  hea t i ng  i n t e r v a l .  Empty t he  contents  o f  each f l a s k  and two 1-ml 
r i n s i n g s  i n t o  a  50-ml beaker; d i sca rd  t h e  t h i r d  and f o u r t h  r i n s i n g s .  Add 
1  .OO ml o f  t he  c o b a l t  c h l o r i d e  s o l u t i o n .  With s t i r r i n g ,  add sodium 
hydrox ide pe l  l e t s  t o  each beaker u n t i  1  t he  b r i g h t  y e l l o w  o r  orange c o l o r  
p e r s i s t s ;  add t h r e e  s e t s  o f  f i v e  p e l l e t s  and then add t h e  p e l l e t s  i n d i v i d u -  
a l l y  a f t e r  each preceding p e l l e t  has d i sso l ved .  A d j u s t  t h e  pH o f  t h e  
s o l u t i o n  t o  7.0 and q u a n t i t a t i v e l y  t r a n s f e r  t h e  s o l u t i o n  t o  t h e  o r i g i n a l  
f l a s k .  Keep t h e  f l a s k  s toppered t o  exc lude carbon d i o x i d e .  A f t e r  e q u i l i -  
b r a t i o n  t o  room temperature,  d i l u t e  t o  volume w i t h  de ion ized  wate r .  Us ing 
a  b lank  o f  10.00 rr11 o f  p e r c h l o r i c  a c i d  d i l u t e d  t o  50.00 m l  w i t h  de ion ized  
water ,  measure t h e  absorbance o f  each s o l u t i o n  a t  525 rnp u s i n g  a  c e l l  pa th  
a p p r o p r i a t e  w i t h  t h e  accuracy des i red .  Cons t ruc t  t h e  s tandard cu rve  and 
c a l c u l a t e  t h e  n i t r o g e n  concen t ra t ions  as d i r e c t e d  i n  p a r t  4.  
D. T i t r i m e t r i c  S tud ies  
The c o n c e n t r a t i o n  o f  t h e  perch1 o r i c  a c i d  was ob ta ined  us i ng  standard,  
ca rbona te - f ree  sod i  um hydrox ide  as t he  ti t r a n t ,  and pheno lph tha le i n  as t h e  
i n d i c a t o r .  A  1.00-ml p o r t i o n  o f  t h e  concen t ra ted  (70 %) a c i d  was t r a n s f e r r e d  
t o  a  100-ml vo l ume t r i c  f l a s k  and d i l u t e d  t o  volhme w i t h  de ion ized  water, 
A f t e r  t h e  d i l u t e d  a c i d  was thorough ly  shaken, 25.00-, 30.00-, o r  40.00-ml 
a l i q u o t s  were t i t r a t e d ,  When more than one t i t r a t i o n  t r i a l  was repo r t ed  f o r  
a  b o t t l e  o f  ac i d ,  a  d i f f e r e n t  d i l h t e  a c i d  s o l u t i o n  was prepared f r om the  
concen t ra ted  a c i d  f o r  each t r i a l .  The b o t t l e s  o f  concen t ra ted  a c i d  were 
numbered sequen t i a l  l y  f o r  r e fe rence  purposes. Th is  i s  t h e  number which 
f o l l o w s  t he  t e rm  " p e r c h l o r i c  a c i d "  i n  t h e  f o l l o w i n g  p resen ta t i on .  
E. General Laboratory  Procedures 
I n  a l l  exper iments,  t h e  f o l l o w i n g  procedures were used: t h e  
f l a s k s  were shaken a f t e r  t he  a d d i t i o n  o f  a  s o l u t i o n .  Th is  was done t o  i n -  
sure m ix ing .  Then t h e  f l a s k s  were stoppered. When t he  f l a s k s  were r e -  
moved f rom t h e  ba th  f o r  t h e  a d d i t i o n  o f  a  reagent,  each f l a s k  was re tu rned  
t o  t h e  ba th  be fo re  ano ther  f l a s k  was removed., 
The r e a c t i o n  t i m e  i n t e r v a l  i n  t h e  c o n s t a n t  t empera tu re  b a t h  was 
c o n s i d e r e d  t o  be t h e  t i m e  wh ich  e l a p s e d  f r o m  t h e  a d d i t i o n  o f  t h e  l a s t  r e -  
a c t a n t  s o l u t i o n  t o  t h e  a d d i t i o n  o f  t h e  c o l d  d e i o n i z e d  w a t e r .  The c o l d ,  
d e i o n i z e d  w a t e r  was o b t a i n e d  by  immers ing a  wash b o t t l e  i n  i c e ,  u t i l i z i n g  
some c a r e  t o  p r e v e n t  c o n t a m i n a t i o n  o f  t h e  d e i o n i z e d  wa te r .  A l l  s o l u t i o n s  
were a l l o w e d  t o  e q u i l i b r a t e  t o  room tempera tu re  b e f o r e  d i l u t i n g  t h e  
s o l u t i o n  t o  volume. A l l  s o l u t i o n s  were d i l u t e d  t o  volume and shaken be- 
f o r e  o b t a i n i n g  u l t r a v i o l e t  s p e c t r a  o r  absorbance va lues .  
S tock  s o l u t i o n s  c o n t a i n i n g  sodium n i t r a t e  o r  sodium n i t r i t e  were 
rep repared ,  u s i n g  t h e  methods d e s c r i  bed, when t h e  s o l  u t i  ons were d e p l e t e d  
o r  when a  s o l l ~ t i o n  c o n t a i n i n g  n i t r a t e  o r  n i t r i t e  was more t h a n  f o u r  weeks 
o l d  i n  terms o f  i t s  i n i t i a l  p r e p a r a t i o n  f r o m  s o l i d  m a t e r i a l .  
F. General Procedure -- Used i n  P r e p a r a t i o n  and M a n i p u l a t i o n  - o f  R e a c t i o n  
Sol  u t i o n s  
The n i  t r a t i  on sys tem was s t u d i e d  under  v a r i o u s  c o n d i t i o n s  b y  p r e -  
p a r i n g  s e r i e s  o f  s o l u t i o r ~ s  h o l d i n g  a l l  v a r i a b l e s ,  b u t  one, c o n s t a n t .  The 
absorbance va lues  o f  t h e  d i l u t e d  s o l u t i o n s  were o b t a i n e d  t o  de te rm ine  t h e  
e f f e c t  o f  t h e  v a r i e d  independent  v a r i a b l e  upon t h e  p rog ress  o f  t h e  n i t r a t i o n  
r e a c t i o n .  The s o l u t i o n s  were p repared  i n  v o l u m e t r i c  f l a s k s  b y  add ing  t h e  
r e a g e n t  s o l u t i o n s  w i t h  a  p i p e t ,  Rep ipet ,  o r  b u r e t ;  t h e  f l a s k s  were s t o p -  
pered and shaken a f t e r  t h e  a d d i t i o n  o f  each r e a g e n t  s o l u t i o n .  S i m i l a r l y ,  
d e i o n i z e d  w a t e r  was added. The t o t a l  volume o f  s o l u t i o n  added t o  each 
f l a s k  i n  a  s e r i e s  was m a i n t a i n e d  a t  a  c o n s t a n t  v a l u e  b y  v a r y i n g  t h e  v o l -  
ume o f  d e i o n i z e d  w a t e r ,  when t h e  volume o f  a  r e a g e n t  s o l u t i o n  was v a r i e d .  
C o n c e n t r a t i o n s  r e p o r t e d  p e r t a i n  t o  t h e  r e s u l t i n g  s o l u t i o n s .  The f l a s k s  
were e q u i l i b r a t e d  f o r  15 minutes  i n  a  c o n s t a n t  t empera tu re  b a t h ,  when 
t h i s  was necessary ;  a f t e r  equ i  1  i b r a t i o n ,  2 - n i  t r o s o - 1  -naph tho l  -4 -su l  f o n i c  
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111. RESULTS AND DISCUSSION 
To develop a r e l i a b l e ,  accurate,  and p r e c i s e  method f o r  t he  de te r -  
m ina t i on  o f  n i t r a t e ,  i t  was considered necessary t o  s tudy the  e f f e c t s  o f  
temperature,  t ime and p e r c h l o r i c  a c i d  concen t ra t ion  i n  o rde r  t o  d e l i m i t  
the  optimum cond i t i ons  f o r  t he  fo rmat ion  o f  2 -n i  t ro -1 -naphtho l -4 -su l  f o n i c  
ac id ,  w h i l e  m in im iz i ng  t he  decomposit ion o f  2 -n i  t roso-1-naphthol -4-su l  f o n i  c  
ac id .  The decomposit ion has been shown by Abercrombie (15)  t o  occur  a t  the  
condi t i o n s  o f  temperature and a c i d i  t y  which were necessary f o r  the  forma- 
ti on o f  2 -n i  t r o - l  -naphthol  -4-su l  f o n i  c  a c i d  f rom sodium n i t r a t e  and 2- 
n i  t roso-1  -naphthol  -4-sul  f o n i c  ac id .  
A. A Stud of t he  E f f e c t  o f  Tirne on t he  Formation o f  2-Nitro-1-Naphthol-  
-+ 4-Su f o n i  c Acid a t  5 0 . 5 " m  %t%ine t h e  P r o F r  Length --- o f  Time t o  
Use i n  S u b s e q u e n t ~ t u d i e s  - 
- - ,  
The e f f e c t  o f  t ime  on t he  f o rma t i on  o f  2 -n i  tro-1-naphthol-4-sulfonic 
a c i d  frorrl 4.29 x  - M sodium n i t r a t e  and 4.29 x  - M 2 - n i t r o s o - l -  
naph tho l -4 - su l f on i c  a c i d  i n  7.94 - N HC104 has been presented i n  Table 2. 
The r e l a t i v e l y  cons tan t  values a t  the absorp t ion  rnaxima o f  2 - n i t r o s o - l -  
naphthol  -4-sul  f o n i  c  a c i d  and 2-n i  t r o - 1  -naphthol  -4-sul  f o n i  c  a c i d  i nd i  ca ted  
t h a t  t h e  r e a c t i o n  was complete w i t h i n  5  minutes. A t ime  i n t e r v a l  o f  15 
minutes was se lec ted  as t h e  rninirnurrl tirne i n t e r v a l  f o r  use i n  a l l  f o l l o w i n g  
s tud ies  i n  which t h e  r e a c t i o n  t ime was n o t  t he  independent v a r i a b l e .  Th is  
was considered t o  be t he  minimum t ime i n t e r v a l  which cou ld  be reproduced 
w i t h i n  t h e  l i m i t  o f  e r r o r  o f  t h e  spectrophotometers.  
ZLP ' 0 LPL' L O'OZ OEE 
PLP'O 951'1 0'51 6ZE 
9LP'O ZEL'L 0'0 1 8ZE 
Z8P'O LSL'L 0.5 LZE 
B. - A Study o f  t he  E f f e c t  of Var ied k r c h l o r i c  Ac id  Concent ra t ions on t h e  
~ o r m a t i o n o f 2 - N i t r o - 1  -Naphthol -4-Suli 'onic -- Acid  a t  Var ious ~empera tu res  
t o  Determine t h e  Minimum Perch1 o r i c  Ac id  Concen t ra t ion  Necessarv t o  
- - *  " -
Cause Maxi rnum Product  Forrrlati on 
The e f f e c t  o f  v a r i e d  p e r c h l o r i c  a c i d  concen t ra t io r l s  on t h e  fo r r r~a t io r l  
o f  2 -n i  t r o - 1  - naph tho l - 4 - su l f on i c  a c i d  f rom equal  -molar, 7.50 x  l o m 5  - M 
sod i  um n i t r a t e  and 2 -n i  t roso-1  -naphthol  - 4 - s u l f o n i c  a c i d  a t  20-90 O C  f o r  15.0 
minutes i s  presented i n  F igures 2  and 3. The r e l a t i v e l y  s l i g h t  i n c rease  
i n  absorbance a t  222 mu i n d i c a t e d  t h a t  ve r y  l i t t l e  2 -n i t r o - l - naph tho l - 4 -  
s u l f o n i c  a c i d  was formed a t  20.0 and 30.0 OC i n  p e r c h l o r i c  a c i d  which was 
l e s s  than 9.5 N. A t  40.2 OC, i n  p e r c h l o r i c  a c i d  concen t ra t i ons  o f  6-8 
and 9.5-11 - N, t h e  i nc rease  i n  absorbances a t  222 mu i n d i c a t e d  t h a t  2 - n i t r o -  
1 -naph tho l - 4 - su l f on i c  ac i d  was formed. The g r e a t e s t  amount o f  2 - n i t r o - l -  
naph tho l - 4 - su l f on i c  a c i d  was formed a t  50.0, 50.7, and 71.8 OC i n  t h e  
p e r c h l o r i c  a c i d  concen t ra t i on  range o f  7-8 - N, as i n d i c a t e d  by t h e  h i gh  
absorbance values a t  222 mu. S i r n i l a r  conc lus ions  were drawn by f o l l o w i n g  
t h e  decrease i n  t h e  concen t ra t i on  o f  2 -n i t roso-1 -naphtho l -4 -su l fon ic  a c i d  
a t  i t s  261 mu abso rp t i on  maximum. The system was s t u d i e d  e x t e n s i v e l y ,  
and t h e  va lues presented were a  r e p r e s e n t a t i v e  sampl ing o f  t h e  t o t a l  
s tudy.  
The re1  a t i  v e l y  srnall  amount o f  2 -n i  t r o - 1  -naphtho l  -4-su l  f o n i  c  a c i d  
f o rma t i on  i n  t h e  p e r c h l o r i c  a c i d  concen t ra t ions  o f  8.5-9.0 - N has been 
s t u d i e d  i n  s u f f i c i e n t  d e t a i l  t o  i n d i c a t e  t h a t  a  r e g i o n  o f  a c i d i t y  does 
e x i s t  where t h e  r a t e  o f  r e a c t i o n  i s  much s lower  than a t  h i ghe r ,  o r  lower ,  
concen t ra t ions  . The reproduc i  b i  1  i ty o f  t h e  1  ow absorbance values a t  222 
mu and h i g h e r  absorbance va lues a t  261 rnv, f o r  s o l u t i o n s  whose a c i d  con- 
c e n t r a t i o n s  f a l l  i n  t h i s  r eg ion ,  show t h a t  t he  r e s u l t s  as presented i n  
F igures  2  and 3 were n o t  due t o  randorn e r r o r .  
Figure 2. The e f f e c t  of varied perchlor ic  ac id  concentrat ion on equimolar concentrat ions of 2-ni t roso-  
l-naphthol-4-sulfonic ac id  and sodium n i t r a t e  a t  20.0, 40.2, 60.7, and 80.0 "C 
















The two reg ions  of  perch1 o r i c  a c i d  concen t ra t ions ,  7-8 and 9.5-1 1  - N,
i n  which 2-ni t ro-1-naphthol-4-sulfonic  a c i d  was formed t o  a  much g r e a t e r  
e x t e n t  than  t h e  r e g i o n  of 8.5-9 - N p e r c h l o r i c  a c i d  was t h e  f i r s t  evidence 
i n  t h i s  s tudy  which i n d i c a t e d  t he  poss i  h i 1  i t y  t h a t  2 - n i t r o - 1  -naphthol -  
4-sul  fon i  c  a c i d  m igh t  have been formed by two d i f f e r e n t  mechanisms f rom 
the  r e a c t i o n  o f  n i t r a t e  w i t h  2-n i  t r oso -1  -naphthol  -4-su l  fon ic  ac id .  
A d d i t i o n a l  evidence t o  suppor t  t h i s  poss ib i  1  i t y  was i n d i c a t e d  by t he  dew 
pendence upon temperature o f  t h e  f o rma t i on  o f  2-nitro-1-naphthol-4-sulfonic 
a c i d  i n  t he  r e g i o n  o f  7-8 - N p e r c h l o r i c  ac id .  Re1 a t i v e l y  no 2 - n i t r o - 1 -  
naph tho l -4 - su l f on i c  a c i d  was formed a t  20.0 and 30.0 O C  i n  7-8 - N p e r c h l o r i c  
ac id ,  b u t  t h e  f o rma t i on  o f  2 -n i t ro -1 -naphtho l  - 4 - s u l f o n i c  a c i d  a t  40.2- 
90.0 OC was ex tens ive .  I n  9.5-11 - N p e r c h l o r i c  ac id ,  t h e  r e l a t i v e  amount 
o f  2 -n i  t r o - 1  -naph tho l -4 - su l f on i c  ac id  formed was n o t  as dependent upon 
temperature as i n  t h e  7-8 - N p e r c h l o r i c  a c i d  systems. Also, 2 - n i t r o - 1 -  
naphthol  -4-sul  f o n i c  a c i d  was formed f rom sodium n i t r a t e  and 2 -n i  t r oso -  
1 -naphtho l -4 -su l fon ic  a c i d  i n  t he  9.5-11 - N p e r c h l o r i c  ac i d  a t  20.0 and 
30.0 OC i n  an amount o n l y  s l i g h t l y  lower  than  t h a t  formed a t  t h e  h i g h e r  
temperatures a t  t h e  same p e r c h l o r i c  ac i d  concen t ra t ions .  
Also, i f  i t  i s  c o r r e c t  t o  cons ider  t h e  ex i s tence  o f  two mechanisms, 
then t h e  h i g h  a c i d  concen t ra t i on  mechanism occurs a t  l ~ w e r  and lower  a c i d  
concen t ra t ions  w i t h  i n c r e a s i n g  temperature.  Th is  i s  ev i den t  f rom t h e  
" t a i l i n g "  e f f e c t  n o t i c e d  i n  t h e  v i c i n i t y  o f  9.0 - N p e r c h l o r i c  ac id .  The 
increased absorbance va lues a t  222 mu i n  t h e  8.5-9 - N p e r c h l o r i c  a c i d  
r e g i o n  w i t h  i n c r e a s i n g  temperature, accompanied by t h e  general  cu rva tu re  
a t  t he  h i g h e r  a c i d  concen t ra t ions ,  suggests t h a t  t h e  h i gh  a c i d  concentra- 
t i o n  mechanism i s  o c c u r r i n g  t o  a  g r e a t e r  e x t e n t  a t  lower  a c i d i t i e s  as t h e  
temperature increases.  
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The r e l a t i v e  amount o f  2-n i  t r o - 1  -naphthol  -4-su l  f o n i c  a c i d  was independent 
o f  temperature i n  6.61-7.44 - N p e r c h l o r i c  ac id .  The r e l a t i v e  arnount o f  
2 -n i t r o -1 -naph tho l -4 - su l f on i c  a c i d  formed i n  5.37-6.20 - N p e r c h l o r i c  a c i d  
inc reased  s l i g h t l y  w i t h  i n c r e a s i n g  temperature.  
C. Q u a l i t a t i v e  Rate Stud ies t o  Compare - the React ions - o f  2 - N i t r o s o - l -  
Naphthol-4-Sul  f o n i  c  Ac id  
The r e 1  a t i v e  r a t e  a t  which 2 -n i  t r o - 1  -naphthol  -4-su l  f o n i  c  a c i d  i s  
formed f rom 1.09 x  - M 2 -n i t r oso -1 -naph tho l - 4 - su l f on i c  a c i d  and 3.37 
x  l o m 5  - M s o d i u m n i t r a t e  was s t u d i e d  a t  50.0, 60.0, and 7 0 . 0 ' ~  i n  6 . 7 3 N  . 
p e r c h l o r i c  ac i d .  The r e l a t i v e  r a t e  o f  decomposi t ion o f  1.09 x  l o m 4  - M 
2 -n i  t r oso -1  -naphthol  -4-sul  f o n i c  a c i d  i n  6.73 - N p e r c h l o r i c  a c i d  was a l s o  
s t u d i e d  a t  50.0, 60.0, and 70.0 OC t o  serve as a  bas i s  o f  comparison. The 
r e s u l t s  o f  these two s tud ies  a re  presented j o i n t l y  i n  F igures  7-9. The 
concen t ra t i on  o f  p e r c h l o r i c  a c i d  chosen f o r  t h i s  s tudy  was cons idered t o  
be t h e  minimum concen t ra t i on  which would c o n s i s t e n t l y  cause a rnaxirnum 
amount o f  2-n i  t r o - 1  -naphthol  - 4 - s u l f o n i c  a c i d  t o  be formed. The s e l e c t i o n  
o f  a  minimum concen t ra t i on  was cons idered t o  be impo r tan t  because o f  t h e  
s low decomposi t ion o f  2 -n i  t roso-1  -naphthol  -4 -su l  f o n i  c  ac i d ,  as r epo r t ed  
by Abercrombie and Caskey (16) .  I n  comparing t he  r e s u l t s  ob ta ined  i n  
F igures  7-9, i t  was apparent by t h e  inc rease  i n  absorbance values a t  222 
mp f o r  s o l u t i o n s  c o n t a i n i n g  n i t r a t e  t h a t  i n c r e a s i n g  t h e  temperature de- 
creased t h e  t ime  necessary f o r  complete f o rma t i on  o f  2 -n i t r o -1 -naph tho l -  
4-su l  f o n i  c  ac i d .  The r e a c t i o n  was e s s e n t i  a1 l y  complete w i t h i n  70.0, 
30.0, and 20.0 minutes a t  50.0, 60.0, and 70.0 OC, r e s p e c t i v e l y .  S i m i l a r  
conc lus ions  were reached u s i n g  261 mp absorbance values t o  f o l l o w  t h e  




s o l u t i o n s  c o n t a i n i n g  n i t r a t e .  The r e l a t i v e l y  s l i g h t  l i n e a r  change i n  
absorbance a t  222 rnu, w i t h  i n c r e a s i n g  t i m e  and temperatures f o r  s o l u -  
t i o n s  w i t h o u t  n i t r a t e ,  s u b s t a n t i a t e d  t h e  use o f  t h e  222 mu wavelength  
t o  s t u d y  t h e  chemical system o f  sod i  urn n i t r a t e  and 2 -n i  t r o s o - 1  -naph- 
t h o l - 4 - s u l f o n i c  a c i d  i n  p e r c h l o r i c  a c i d .  The decrease i n  absorbance 
va lues a t  261 mu f o r  s o l u t i o n s  w i t h  o n l y  2 -n i  t roso-1 -naph tho l -4 -su l -  
f o n i  c  a c i d  i n d i c a t e d  t h a t  t h e  decomposi t ion o f  2 -n i  t r o s o - 1  -naphtho l  -4- 
s u l f o n i c  a c i d  inc reased  w i t h  a  temperature  inc rease ;  a  marked i n c r e a s e  
i n  t h e  r e l a t i v e  amount o f  decomposi t ion occur red  between 60.0 and 70.0 
OC. The decomposi t ion a t  50.0 and 60.0 OC was e s s e n t i a l l y  l i n e a r  w i t h  
t ime ,  b u t  was non l  i n e a r  a t  70.0 OC. The n a t u r e  o f  t h e  decrease i n  absorb- 
ance a t  261 mu ( o r  t h e  c o n c e n t r a t i o n  o f  2 - n i  t r o s o - 1  -naphtho l  -4-su l  f o n i  c  
a c i d )  a t  70.0 OC, when cornparing s o l u t i o n s  w i t h  and w i t h o u t  n i t r a t e  
heated t h e  sarne l e n g t h  o f  t ime ,  was such t h a t  t h e r e  would be d i f f i c u l t y  
i n  a c c u r a t e l y  r e l a t i n g  a  decrease i n  absorbance a t  261 mu t o  t h e  amount 
o f  n i t r a t e  p r e s e n t  i f  a  temperature  o f  70.0 O C  were u t i  1  i z e d  i n  an ana ly -  
t i c a l  method; however, a  terr lperature o f  70.0 O C  would r e q u i r e  o n l y  20 
minutes o f  h e a t i n g  i f  n i t r a t e  c o n c e n t r a t i o n s  were t o  be rneasured by an 
i n c r e a s e  i n  absorbance a t  222 mu. 
The d i f f e r e n c e s  between absorbance va lues  a t  261 mu f r o m  s o l u t i o n s  
w i t h  and w i t h o u t  sodiurr~ n i t r a t e  heated f o r  i d e n t i c a l  t i m e  p e r i o d s  inc reased  
s i g r r i f i c a r l t l y  f r o m  60.0 t o  50.0 OC. These r e s u l t s  suggested t h a t  50.0 OC 
and a  rnaximuln h e a t i n g  t i m e  o f  70.0 minutes were p r o b a b l y  t h e  most reason- 
a b l e  c o n d i t i o n s  t o  u t i l i z e  i n  an a r l a l y t i c a l  method f o r  n i t r a t e ,  i f  n i t r a t e  
c o n c e n t r a t i o n s  were t o  be r e l a t e d  t o  t h e  decrease i n  t h e  c o n c e n t r a t i o n  o f  
2 -n i t r oso -1 -naph tho l - 4 - su l f on i c  a c i d  through absorbance measurements a t  
261 mu o r  a t  525 mu a f t e r  forrr lat ion o f  t h e  c o b a l t  complex o f  2 - n i t r o s o - l -  
naphtho l  - 4 - s u l f o n i c  ac i d .  A1 so, even though n i t r a t e  concen t ra t i ons  cou ld  
be determined ve ry  r a p i d l y  us i ng  60.0 OC f o r  30 minutes and measur ing 
absorbance values a t  222 mu, t h e  disadvantage o f  be ing  unable  t o  measure 
n i t r a t e  concen t ra t i ons  a t  222 mu and 261 mu s imu l taneous ly  was cons idered 
t o  o f f s e t  t h e  advantage o f  t h e  t ime  decrease. 
D. The E f f e c t  o f  Var ied  Sodium N i t r a t e  Concent ra t ions on t h e  Format ion 
o f  2-Ni t r o - ~ N ~ l h - m f o n i  c  --- A c i i f S t o i i  ometry 
The r e s u l t s  o f  Experiment 6, a s tudy  ( i n  systems i n  which t h e  mole r a t i o  
o f  sod i  um r l i  t r a t e  t o  2 -n i t r oso -1  - naph tho l - 4 - su l f on i c  a c i d  was 1  .OO o r  0.31) 
t o  determine t h e  rninimutr~ perch1 o r i c  a c i d  concen t ra t i on  necessary t o  cause 
maxi mum p roduc t  fo r rna t i  on, suggested t h e  poss i b i  1  i ty  o f  two mechanisms f o r  
the  f o rma t i on  o f  2-nitro-1-naphthol-4-sulfonic a c i d  f rom sodium n i t r a t e  and 
2 -n i t r oso -1 -naph tho l - 4 - su l f on i c  ac id .  I n  concent ra ted p e r c h l o r i c  and 
s u l f u r i c  a c i d  systems, t h e  a c t i v e  n i t r a t i n g  spec ie  has g e n e r a l l y  been 
cons idered t o  be t h e  n i t r o n i u m  i o n  (20) .  Ha lbe rs tad t ,  Hughes, and I n g o l d  
(21 ) have s t u d i e d  t h e  k i n e t i c s  o f  t he  n i t r a t i o n  o f  2 - p h e n y l e t h y l s u l f o n i c  
a c i d  i n  aqueous p e r c h l o r i c  a c i d  which had t h e  f o l l o w i n g  t y p i c a l  mo lecu la r  
composi t ion:  H20, 72; HN03, 17; HC104, 11 mole %. Whi le t h e  concen t ra t i on  
o f  n i t r i c  a c i d  was much g r e a t e r  than  t h a t  used i n  t h i s  work, t he  concent ra-  
t i o n  o f  water  and p e r c h l o r i c  a c i d  used was s i m i l a r  t o  t h e  7-8 - N p e r c h l o r i c  
a c i d  concen t ra t i on  range used i n  t h i s  work i n  which 2 -n i  t r o - 1  -naphthol  -4- 
s u l f o n i c  a c i d  was formed f rom 2 -n i  t r oso -1  -naphthol  -4-su l  f o n i c  ac i d ,  Hal be r -  
s t a d t ,  ex. d.,  (21) were unable  t o  f i n d  any evidence o f  t h e  c h a r a c t e r i s t c  
n i t r o n i u m  l i n e  a t  1400 cm-' i n  t he  Raman spec t ra  o f  t h e i r  aqueous p e r c h l o r i c  
a c i d  systems p r e v i o u s l y  mentioned. The assignment o f  t h e  1400 cm'l 1  i n e  
i n  t h e  Raman spec t ra  t o  t h e  n i t r o n i u m  i o n  was made by I ngo ld ,  P l i l l e n  and 
Poole (22 )  i n  a  s t u d y  i n  wh ich misunders tand ings c o n c e r n i n g  t h e  Raman 
s p e c t r a  o f  n i t r i c  a c i d  i n  s t r o n g  a c i d s  was c l a r i f i e d .  I n g o l d ,  Q;t d., 
(22 )  were a b l e  t o  show t h a t  a  1050 cm-' l i n e  p r e v i o u s l y  ass igned  t o  t h e  
n i t r o n i u m  i o n  was, i n  f a c t ,  due t o  t h e  hydrogen s u l f a t e  i o n  formed by 
t h e  i o n i z a t i o n  o f  t h e  s t r o n g  a c i d ,  s u l f u r i c  a c i d .  H a l b e r s t a d t ,  Q;t d., 
(21 ) ,  w i t h  t h e  a i d  o f  Raman spec t ra ,  were a b l e  t o  de te rm ine  t h a t  t h e  
p e r c h l o r i  c  a c i d  was comp le te l y  i o n i z e d  t o  t h e  p e r c h l o r a t e  i o n  because 
" t h e  c h a r a c t e r i s t i c  spect rum o f  t h e  p e r c h l o r i  c  a c i d  mo lecu le  i s  e n t i r e l y  
absent "  (21 j i n  t h e i r  perch1 o r i c  a c i d - n i  tri c  a c i d - w a t e r  system. By 
comparison o f  i n t e n s i t y  r e l a t i o n s h i p s  f o r  t h e  Raman 1  i n e s  f o r  n i t r i c  a c i d  
and n i t r a t e  i o n ,  H a l b e r s t a d t ,  eA d., (21 )  were a b l e  t o  e s t i m a t e  t h a t  o n l y  
4  % o f  t h e  n i t r i c  a c i d  was i o n i z e d  t o  n i t r a t e  i o n .  Because o f  t h e  l a c k  
o f  a  d e t e c t a b l e  amount o f  n i t r o n i u m  i o n  i n  t h e i r  system, H a l b e r s t a d t ,  eA d., 
(21 ) suggested t h a t  t h e  a c t i v e  n i t r a t i n g  agent  m i g h t  perhaps be p r o t o n a t e d  
n i t r i c  a c i d ,  H2N03+, wh ich was r e f e r r e d  t o  as t h e  n i t r i c  a c i d i u m  i o n .  
Abercrombie and Caskey (16)  have d e s c r i b e d  t h e  p r e p a r a t i o n  o f  
2 -n i  t r o - 1  -naphtho l  - 4 - s u l f o n i  c  a c i d  f r o m  2 -n i  t r o s o - 1  -naph tho l  -4-su l  f o n i  c  
a c i d  i n  tri f u l o r o a c e t i c  a c i d  and hydrogen p e r o x i d e .  T h i s  p r e p a r a t i o n  o f  
2 -n i t r o -1 -naph tho l - 4 - su l f on i c  a c i d  f r o m  2 - n i  t roso -1 -naph tho l -4 -su l  f o n i c  
a c i d  ~ r n e q u i  vocal  l y  p roved  t h a t  2 - n i  t r o s o - 1  -naphtho l  - 4 - s u l f o n i  c  a c i d  i s  
capable  o f  b e i n g  o x i d i z e d  t o  f o r m  2 -n i t r o -1 -naph tho l -4 - su l f on i c  a c i d .  
I n f o r m a t i o n  p resen ted  l a t e r  i n  t h i s  r e p o r t  p roves t h a t  n i t r i t e  r e a c t s  
wi t h  2 - n i  t r o s o - 1  -naphtho l  -4-su l  f o n i  c  a c i d  t o  f o r m  2 - n i  t r o - 1  -naphtho l  -4- 
s u l f o n i c  a c i d  i n  6.0-7.0 - N p e r c h l o r i c  a c i d  i n  much t h e  same way t h a t  
n i t r a t e  does. 
By c o r r e l a t i n g  t h i s  ev idence  i n  t h e  l i t e r a t u r e  w i t h  t h e  f a c t  t h a t  
2 -n i  tro-1-naphthol-4-sulfonic a c i d  was formed f r o m  2 - n i  t r o s o - 1  -naph tho l  - 
4 - s u l f o n i c  a c i d  and sodium n i t r a t e  i n  two ranges o f  p e r c h l o r i c  a c i d  con- 
c e n t r a t i o n s  separated by a  r e g i o n  o f  p e r c h l o r i c  a c i d  concen t ra t i on  i n  
which t he  r e a c t i o n  was n o t  as ex tens ive ,  i t  seemed reasonable t o  p o s t u l a t e  
t h e  f o l l  owing mechanisms f o r  the  f o rma t i on  o f  2 -n i  t r o - 1  -naphthol  -4-su l  f o n i  c  
ac i d .  I n  t he  7-8 - N p e r c h l o r i c  a c i d  reg ion ,  t h e  2-nitro-1-naphthol-4-sul- 
f o n i  c  a c i d  was p o s s i b l y  formed by a  redox r e a c t i o n  which cou ld  have a  
s t o i  ch i  omet r i  c  r e1  a t i  onshi p  o f  
3(2-NO) + 2  HNO 3(2-NO2) + 2N0 + H20 
3 7  ( 9 )  
w h i l e  t h e  p roduc t  i n  9.5-11 - N p e r c h l o r i c  a c i d  was p o s s i b l y  formed by a  
n i t r a t i o n  r e a c t i o n  hav ing  a  s t o i c h i o m e t r i  c  r e l a t i o n s h i p  o f  
2-NO + NO; ---\ 2-NO2 + NO+ . 
I n  t h e  o x i d a t i o n  r e a c t i o n  presented, t h e  r a t i o ,  n i t r a t e : 2 - n i t r o s o - 1 -  
naph tho l -4 -su l fon i  c  a c i d  i n  t h e  f o rma t i on  o f  2 - n i t r o - 1  -naphthol  -4 -su l -  
f o n i c  a c i d  would be 2:3. The r a t i o ,  nitrate:2-nitroso-1-naphthol-4- 
s u l  f o n i  c  ac i d  i n  t h e  fo rmat ion  o f  2 -n i  t r o - 1  -naphthol  - 4 - s u l f o n i  c  a c i d  
would be 1  :1 f o r  a  n i t r a t i o n  r e a c t i o n  v i a  a  n i t r o n i u m  i o n .  
Exper imenta l l y  obta ined m o l e - r a t i o  values have been presented i n  
Table 3. Graphica l  r ep resen ta t i ons  o f  t r i a l s  4, 9, and 10 have been 
presented i n  Figures 10-12, r e s p e c t i v e l y .  The da ta  f o r  F igure  10 was 
obta ined f rom d u p l i c a t e  s tud ies  on consecut ive days. 
The m o l e - r a t i o  va lue  o f  0.922, ob ta ined  i n  t r i a l  1  f rom a  mole- 
r a t i o  s tudy  i n  8.06 - N p e r c h l o r i c  ac id ,  was a  va lue which cou ld  n o t  be 
exp la ined  i n  terms o f  o n l y  one o f  t h e  mechanisms suggested. The 8.06 - N
p e r c h l o r i c  ac i d  i s  ve ry  near t he  upper l i m i t  o f  t h e  lower  range o f  a c i d  
concen t ra t ions  (see F igures 2, 3, and 4 )  which caused a  r e a c t i o n  between 
sodium n i t r a t e  and 2 -n i t roso-1  -naph tho l -4 -su l fon i  c  ac i d .  A p o s s i b l e  
exp lana t i on  f o r  t h e  va lue  o f  0.922 i s  t h a t  i t  i s  t he  r e s u l t  o f  competing 
para1 l e l  r eac t i ons  y i e l d i n g  a  va lue i n te rmed ia te  between 0.667 and 1.00. 
Tab le  3. M o l e - R a t i o  Values 
F i  gu re  T r i  a1 Perch1 o r i  c Ac i  d Temp. Mole R a t i o  Mole R a t i o  
Number Number Normal i t y  O C Frorn 222 rrlp Frorn 26 1 rrlp 
( T E M P  60.1°C 
I TIME 45.0 MlN / I I 
Figure 10. A mo le- ra t io  study of the reac t i on  between sodium n i t r a t e  and 2-n i  t roso-1 -naphthol -4- 
su l fon ic  a c i d  i n  8.29 - N p e r c h l o r i c  a c i d  a t  60.1 "C f o r  45.0 minutes. 


The mole r a t i o  of 0.76, ob ta ined  i n  t r i a l  2  f rom a  m o l e - r a t i o  s tudy  
i n  6.71 - N p e r c h l o r i c  ac i d ,  a l s o  cou ld  n o t  be exp la i ned  i n  terrr~s o f  one 
mechanism. Work presented l a t e r  i n  t h i s  r e p o r t  suppor ts  t he  v a l i d i t y  o f  
u s i n g  a  reagen t  b l ank  c o r r e c t i o n  ob ta ined  f rom t h e  absorbance o f  s o l u t i o n s  
n o t  c o n t a i n i n g  sodium n i t r a t e .  No such s o l u t i o r ~ s  were a v a i l a b l e  t o  enable  
a p p l i c a t i o n  o f  a  reagent  b l ank  c o r r e c t i o n ,  b u t  i t  i s  e v i d e n t  t h a t  t h e  
va lue o f  0.76 i s  s i m i l a r  t o  t he  va lues o f  0.77-0.82 ob ta ined  f o r  t r i a l s  
5, 6, 8, and 10 which, a f t e r  a  reagent -b lank c o r r e c t i o n ,  y i e l d e d  mole- 
r a t i o  va lues  c o n s i s t e n t  w i t h  a  r a t i o  o f  2:3. 
The cond i t i ons  used i n  t h e  work represented by t r i a l  3  were a t  t h e  
r e g i o n  o f  a c i d  concen t ra t ions  where t h e  e x t e n t  o f  r e a c t i o n  was s l i g h t .  
It has been suggested e a r l i e r  i n  t h i s  r e p o r t  t h a t  t h e  predominent 
r e a c t i o n  pathway, o c c u r r i n g  a t  t h i s  concen t ra t i on ,  was p robab ly  t h e  same 
as t h e  pathway i n  t h e  9.5-1 1  - N reg ion  o f  ex tens i ve  r e a c t i o n .  Th is  poss i -  
b i  li ty  was suggested i n  F igures  2  and 3  by t h e  p rog ress i ve  inc rease  i n  
absorbance a t  222 mu w i t h  t h e  i n c r e a s i n g  temperature f o r  t h e  8.5-9.0 - N
p e r c h l o r i c  a c i d  concen t ra t ions .  The m o l e - r a t i  o  values o f  0.60 o r  0.83, 
ob ta ined  i n  t r i a l  3  f rom a  m o l e - r a t i o  s tudy  i n  8.29 - N p e r c h l o r i c  ac i d ,  
a r e  n o t  c o n s i s t e n t  w i t h  t h i s  exp lana t i on .  (The va lue o f  0.60 was ob ta ined  
a f t e r  a p p l y i n g  a  reagent  b lank  c o r r e c t i o n .  ) A p o s s i b l e  exp lana t i on  f o r  
t h e  i n c o n s i s t e n t  values ob ta ined  i n  t r i a l  3  i s  t h e  40.0 O C  temperature 
which may n o t  have been s u f f i c i e n t l y  g r e a t  enough t o  ensure a  complete 
r e a c t i o n  o r  equi  1  i br i um necessary f o r  accura te  m o l e - r a t i o  s t u d i e s .  
I n  t r i a l  4, F igure  10, a  m o l e - r a t i o  va lue o f  1  .O1 was ob ta ined  
f rom a  m o l e - r a t i o  s tudy  i n  8.29 - N p e r c h l o r i c  a c i d  a f t e r  c o r r e c t i n g  f o r  a  
reagen t  b lank .  A va lue o f  1  .O1 f r om 8.29 - N p e r c h l o r i c  a c i d  suppor ts  t h e  
concept suggested i n  t h e  p reced ing  paragraph. I n  F igure  10, a  h o r i z o n t a l  
l i n e  was drawn through t h e  absorbance va lue  ob ta i ned  f o r  a  mole r a t i o  o f  
0.154 and was used f o r  a  reagen t  b lank  c o r r e c t i o n .  N i t r a t i o n  d i d  n o t  occur  
i n  t h i s  s o l u t i o n ,  and t h e  absorbance va lue  represen ted  t h e  absorbance o f  
a  s o l u t i o n  c o n t a i n i n g  no 2 -n i  t r o - 1  -naphtho l  - 4 - s u l f o n i c  ac i d .  Th is  absorb- 
ance va lue i s  t h e  va lue  a t  which t h e  absorbance a x i s  shou ld  have been i n t e r -  
cepted by  t h e  l i n e a r  p o r t i o n  o f  t h e  cu rve  on t h e  low mole r a t i o  s i d e  o f  t h e  
i n t e r s e c t i o n ,  i f  a reduc ing  agent  was n o t  p resen t  i n  t he  system. 
The m o l e - r a t i o  values ob ta ined  f r om t r i a l s  5-10 were ob ta ined  f rom 
more c a r e f u l l y  designed and conducted exper iments,  w i t h  t h e  excep t i on  o f  
t r i a l  7. The i n f o r m a t i o n  ob ta ined  i n  t h e  q u a l i t a t i v e  k i n e t i c  s t u d i e s  
(Exper iment C, "Qua1 i t a t i v e  Rate S tud ies  t o  Compare t h e  React ions o f  2- 
Ni t r oso -1  -Naphthol-4-Sul f o n i c  A c i d " )  was used i n  s e l e c t i n g  t h e  r e a c t i o n  
i n t e r v a l s  f o r  t r i a l s  5-10. 
I h  F igures 11 and 12, t h e  "dashed-dotted" l i n e s  r ep resen t  t h e  absorb- 
ance values o f  s o l u t i o n s  wi t h o u t  n i t r a t e .  I f  more than one s o l u t i o n  w i t h o u t  
n i t r a t e  was used, they  r ep resen t  t h e  average absorbance va lues.  
The r e s u l t s  presented i n  F igures 11 and 12, t r i a l s  9 and 10, p rov i de  
a d d i t i o n a l  i n f o r m a t i o n  concern ing t h e  f a c t  t h a t  t h e  r e a c t i o n s  i n  6.8 and 
9.9 - N p e r c h l o r i c  a c i d  a re  d i f f e r e n t .  The s o l u t i o n s  used i n  these two s tud ies  
were ob ta ined  f rom t h e  same reagent  s o l u t i o n s ,  w i t h  t h e  s t u d i e s  be ing  
conducted on consecu t i ve  days. The slopes o f  t h e  l i n e a r  r eg ion  o f  t h e  mole 
r a t i o  curve on t h e  low mole r a t i o  s i d e  o f  t h e  i n t e r s e c t i o n  a re  d e f i n i t e l y  
d i f f e r e n t .  Also,  a  reagent  b l ank  c o r r e c t i o n  was n o t  necessary f o r  t h e  9 .9  
N  p e r c h l o r i c  ac id ,  w h i l e  i t  was necessary f o r  t h e  6.8 N  p e r c h l o r i c  ac id .  
- - 
The m o l e - r a t i o  valhes of 0.95 and 0.93 i n  t r i a l  7 a re  n o t  c o n s i s t e n t  
w i t h  e i t h e r  a mole r a t i o  o f  2:3 o r  1 : l .  The s o l u t i o n s  used i n  t h e  s tudy  
f o r  t r i a l  7 were prepared t o  t h e  e x t e n t  t h a t  water ,  sodium n i t r a t e ,  and 
p e r c h l o r i c  a c i d  has been added. The s o l u t i o n s  were then a l lowed t o  remain 
unused f o r  about 16 hours,  i .e.,  ove rn i gh t .  The p o s s i b l e  l o s s  o f  n i t r i c  
a c i d  through v o l a t i l i z a t i o n  can n o t  be e l i m i n a t e d  under such c o n d i t i o n s .  
The m o l e - r a t i o  va lues ob ta ined  i n  t r i a l s  5, 6, 8, 9, and 10 a t  
bo th  wavelengths ( a f t e r  c o r r e c t i o n  f o r  a  reagen t  b lank  where necessary)  
a r e  cons i s t en t ,  w i t h i n  exper imenta l  e r r o r ,  w i t h  an o x i d a t i o n  rnecharlisrn 
o c c u r r i n g  i n  t h e  6 .7  - N p e r c h l o r i c  a c i d  and a  n i t r a t i o n  v i a  t he  r ~ i t r o n i u r r l  
i o n  o c c u r r i n g  i n  the  9.9 - N p e r c h l o r i c  ac i d .  I n  t r i a l s  5, 6, and 8, l owe r  
mole r a t i o s  were ob ta ined  a t  261 mu t han  a t  222 rnp. The lower  values a r e  
p robab ly  due t o  t h e  known decomposi t ion o f  2 - n i t r o s o - 1 - n a p h t h o l - 4 - s u l f o n i c  
a c i d .  
I n  o rde r  t o  unequ i voca l l y  prove t h e  ex i s t ence  o f  two r e a c t i o n  mech- 
anisms and t o  ass ign  a  mechanism t o  each system, a  s t udy  u s i n g  15N l a b e l e d  
n i  t r a t e  was conducted. The s tudy  was conducted exper imenta l  l y  by t r e a t i n g  
15N sodi  um n i t r a t e  and 2 -n i  troso-1-naphthol-4-sulfonic a c i d  a t  a  mole r a t i o  
o f  0.15 w i t h  e i t h e r  6.7 o r  10 - N p e r c h l o r i c  ac i d .  A f t e r  d i f f e r e n t  t ime  
i n t e r v a l s  , s u f f i c i e n t  4~ sod i  um n i  t r a t e  was added t o  conve r t  t h e  2 -n i  t r o s o -  
1 -naph tho l - 4 - su l f on i c  a c i d  and 2-ni t ro-1-naphthol-4-sulfonic  a c i d  t o  2,4- 
The 2 ,4 -d in i t ro -1 -naph tho l  was separated by e x t r a c t i n g  w i t h  benzene 
and evapo ra t i ng  t h e  benzene. Mass spec t ra  were ob ta i ned  f o r  t h e  2,4- 
d i n i  t r o - 1  -naphtho l .  For 2 ,4-d in i  t r o - 1  -naphtho l ,  p a r t  o f  which was formed 
by n i t r a t i o n  w i t h  15N, a  pa ren t  i o n  peak a t  235 mass u n i t s  was expected, 
i n  a d d i t i o n  t o  t h e  normal pa ren t  peak a t  234. For  2,4-dinitro-l-naphthol , 
which was formed by o x i d a t i o n  o f  the  n i t r o s o  group o f  Z -n i t r oso - l - naph tho l -  
4 - s u l f o n i c  ac i d ,  a  pa ren t  i o n  peak a t  234 mass u n i t s  was expected. It was 
n o t  p o s s i b l e  t o  i n t e r p r e t  t h e  mass spect ra ,  because peaks a t  240 mass u n i t s ,  
and h i ghe r ,  i n d i c a t e d  t h a t  t h e  samples were contaminated w i t h  a t  l e a s t  one 
o t h e r  compound. Th is  contaminat ion was s t i  11 p resen t  a f t e r  sub1 i m a t i  on o f  
t h e  samples. Because o f  t he  presence o f  impurities, i t  was n o t  poss ib l e  
t o  accu ra te l y  compare t h e  r a t i o s  o f  t h e  235 and 234 peaks ob ta ined  f rom 
t h e  samples prepared a t  d i f f e r e n t  c o n c e n t r a t i o r ~ s  o f  perch l  o r i  c  ac id .  
I n  t h e  work descr ibed  by Abercrombie (15),  no s tudy  was conducted 
which proved t h a t  t h e  concen t ra t i on  o f  n i t r a t e  cou ld  be r e l a t e d  t o  t h e  
decrease i n  absorbance o f  t h e  c o b a l t  complex o f  2-n i t roso-1-naphthol -4-  
s u l f o n i c  ac id .  The r e s u l t s  o f  such a  s tudy  have been presented g r a p h i c a l l y  
i n  F igure  13. A  l i n e a r  r e l a t i o n s h i p  o f  t h e  absorbance o f  t h e  c o b a l t  com- 
p l e x  t o  n i t r a t e  concen t ra t i on  was ob ta ined  us ing  excess c o b a l t .  The con- 
c e n t r a t i o n  o f  c o b a l t  complex i s  i n v e r s e l y  p r o p o r t i o n a l  t o  the  n i t r a t e  
concen t ra t ion ,  and t he  concen t ra t i on  o f  n i t r a t e  can be measured spectropho- 
t o m e t r i c a l l y  a t  525 mu. 
E. --- Test  o f  the  P e r c h l o r i c  Ac id  f o r  Redox P rope r t i es  o f  I m p u r i t i e s  
--- -
The r e s u l t s  o f  some s tud ies  n o t  presented i n  t h i s  r e p o r t  i n d i c a t e d  
t h a t  a  g r e a t e r  y i e l d  o f  2 -n i  t r o - 1  -naphthol  -4-su l  f o n i  c  a c i d  was be ing  
ob ta ined  than  cou ld  be accounted f o r  i n  terms o f  t he  amount o f  sodium 
n i t r a t e  p resen t  i n  t h e  system. The r e s u l t s  o f  o t h e r  s t u d i e s  i n d i c a t e d  
t h a t  2-ni t ro-1-naphthol-4-sulfonic  a c i d  was n o t  be ing  formed i n  systems 
i n  which such for tnat ion was expected. The p o s s i b i l i t y  o f  t h e  presence 
o f  redox i m p u r i t i e s  was considered; the  e f f e c t  o f  va r ious  samples o f  
perch l  o r i  c  a c i d  on 2 -n i  t r oso -1  -naphthol  -4-sul  f o n i  c  a c i d  ( w i t h  and w i t h o u t  
n i t r a t e  p resen t )  was s tud ied ,  and t h e  r e s u l t s  have been presented i n  
Table 4. 
Only t he  p e r c h l o r i c  a c i d  i n  b o t t l e s  7, 8, and 10 conta ined o x i d a n t  
which was i n d i c a t e d  by t h e  absorbance values g r e a t e r  than 0.425 a t  222 mu. 
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The o t h e r  b o t t l e s  d i d  n o t  c o n t a i n  ox idan t .  The c r i t e r i o n  f o r  t he  presence 
o r  absence o f  o x i d a n t  i n  t h e  p e r c h l o r i c  a c i d  sarr~ples was n o t  based on t h e  
absorbance va lues a t  222 mp, however, b u t  on t h e  shape o f  t h e  spec t ra  i n  
t h e  230-210 mp reg ion .  A  t r a c e  o f  2-nitro-l-naphthol-4-sulfonic a c i d  was 
r e a d i l y  de tec ted  because o f  t h e  d i f f e r e n c e  i n  mo la r  a b s o r p t i v i t i e s  o f  these 
two compounds over  t h i s  wavelength range. 
O f  t h e  b o t t l e s  o f  p e r c h l o r i c  a c i d  t e s t e d  w i t h  n i t r a t e ,  o n l y  27-30 
f a i  l e d  t o  cause f o rma t i on  o f  2 -n i  t r o - 1  -naphthol  -4 -su l  f o n i c  a c i d .  Th is  
absence o f  p roduc t  i s  i n d i c a t e d  by t h e  absorbances o f  0.4 a t  222 mp f o r  
s o l u t i o n s  1570-1573. S o l u t i o n s  1598-1601, which were t e s t e d  s i m i l a r l y  
b u t  w i t h  d i f f e r e n t  ac id ,  gave absorbances o f  0.7 a t  222 mu. The a c i d  
f rom b o t t l e s  27-30 was t e s t e d  on two o t h e r  occasions, spaced weeks apar t ,  
w i t h  s i m i l a r  r e s u l t s  occu r r i ng .  Because o f  t h e  f a i l u r e  o f  t h e  a c i d  f r om  
b o t t l e s  27-30 t o  cause n i t r a t e  t o  f o rm  2-nitro-l-naphthol-4-sulfonic ac id ,  
t h e  proven presence o f  ox i dan t  i n  ac ids  7, 8, and 10, and t h e  need f o r  
reagent  b lank  c o r r e c t i o n s  i n  m o l e - r a t i o  and Beer ' s  law s tud ies ,  i t  i s  n o t  
p o s s i b l e  t o  say t h a t  t h e  p e r c h l o r i c  a c i d  was always f r e e  f rom reduc ing  
i m p u r i t i e s .  
The E f f e c t  o f  Sodium N i t r i t e  as a  Func t ion  of P e r c h l o r i c  Ac id  Concen- F. -
t r a t i o n  o f  Systems i n  Which t h e  MO-, Sodium Ni t rate:2.-Ni  t r o s o -  
-- - -----
l - ~ a p h t h o l - 4 - ~ u l f o n i c  Ac id ,  -- was 0.31
I n  t h e  l i t e r a t u r e  d i  ~ c u s s i n g  n i t r a t i o n  k i n e t i c s  and mechanisms, a  
cons iderab le  amount o f  a t t e n t i o n  was focused on t h e  e f f e c t  o f  n i t r o u s  
a c i d  on t h e  n i t r a t i o n  systems. Benford and I n g o l d  (22) r e p o r t e d  t h a t  
t h e  r a t e  o f  n i t r a t i o n  o f  benzene and i t s  homologues was decreased by t h e  
presence o f  n i t r o u s  a c i d  w i t h  t h e  l a t t e r  e x e r t i n g  a  nega t i ve  c a t a l y t i c  
i n f l u e n c e .  Hughes, Ingo ld ,  and Reed (23)  observed a  s i m i l a r  e f f e c t  by  
n i t r o u s  a c i d ,  and were a b l e  t o  show t h a t  t h e  c o n c e n t r a t i o n  o f  n i t r o u s  
a c i d ,  w i t h i n  t h e  1  i m i  t s  o f  exper imen ta l  e r r o r ,  remained c o n s t a n t  th rough-  
o u t  t h e  n i t r a t i o n  process.  Schramm and Westheimer (24 )  have shown t h a t  
n i t r o u s  a c i d  e x e r t s  a  p o s i t i v e  c a t a l y t i c  i n f l u e n c e  i n  t h e  n i t r a t i o n  o f  
a n i s o l e  by  f o r m a t i o n  o f  n i  t r o s o a n i s o l e s  which subsequent ly  formed n i t r o -  
a n i  s o l e s .  
Bunton, Hughes, M i n k o f f ,  and Reed (25)  r e p o r t e d  t h a t  i n  t h e  n i t r a t i o n  
o f  phenols,  n i t r o u s  a c i d  e x e r t e d  a  c a t a l y t i c  i n f l u e n c e  o f  bo th  a  p o s i t i v e  
and n e g a t i v e  e f f e c t  which was dependent upon t h e  n i t r o u s  a c i d  concent ra-  
t i o n .  
Because n i t r o u s  a c i d  has been r e p o r t e d  t o  e x h i b i t  c a t a l y t i c  i n -  
f l  uences i n  n i t r a t i o n  r e a c t i  ons and because n i t r i t e  commonly accompanies 
n i t r a t e  i n  n a t u r a l  wa te r ,  i t  was cons idered necessary t o  determine t h e  
e f f e c t  t h a t  n i t r i t e  m igh t  have on t h e  f o r m a t i o n  o f  2 - n i t r o - l - n a p h t h o l - 4 -  
s u l  f o n i c  a c i d .  The e f f e c t  o f  n i t r i t e  on t h e  f o r m a t i o n  o f  2 - n i t r o s o - 1  -naph- 
t h o l - 4 - s u l f o n i c  a c i d  a t  40.0 and 50.0 OC was s t u d i e d  as a  f u n c t i o n  o f  pe r -  
c h l o r i c  a c i d  c o n c e n t r a t i o n .  The mole r a t i o ,  sodium n i t r a t e :  2 -n i  t r o s o - l -  
n a p h t h o l - 4 - s u l f o n i c  a c i d ,  was 0.308 and t h e  mole r a t i o ,  sodium n i t r i t e :  
sodium n i t r a t e ,  was 0.10. The r e s u l t s  o f  these s t u d i e s  have been p re -  
sented i n  F igu res  14 and 15. The s o l u t i o n s  w i t h o u t  sodium n i t r i t e  were 
used as c o n t r o l s  t o  emphasize any e f f e c t  n i t r i t e  m i g h t  have on t h e  forma- 
t i o n  o f  2 -n i  t ro- l -naphthol -4-su l fonic  a c i d  f rom sodium n i t r a t e  and 2-  
nitroso-1-naphthol-4-sulfonic a c i d .  
The e f f e c t  o f  p e r c h l o r i c  a c i d  was t h e  usual  e f f e c t  d iscussed p r e -  
v i o u s l y ;  as t h e  c o n c e n t r a t i o n  was inc reased ,  a  p e r c h l o r i c  a c i d  c o n c e n t r a t i o n  
was reached a t  which t h e  f o r m a t i o n  o f  2 -n i  t r o - 1  -naphtho l  - 4 - s u l f o n i c  a c i d  


i nc reased  t o  a  maximum, and decreased w i t h  a  f u r t h e r  inc rease  i n  t h e  per-  
ch l  o r i  c  a c i d  concen t ra t i on .  The ma jo r  d i  f f e r e n c e  between t h e  systems w i t h  
sodium n i t r i t e  and those w i t h o u t  sodium n i t r i t e  was t h a t  t h e  f o rma t i on  o f  
2-n i  t r o - 1  -naph tho l -4 -su l fon i  c  a c i d  began a t  a  s i g n i f i c a n t l y  lower  per-  
c h l o r i  c  a c i d  concen t ra t i on  when sodiurn n i t r i t e  was p resen t .  The per-  
c h l o r i c  a c i d  concen t ra t ion ,  i n  which t h e  rr~axirnum fo rma t i on  o f  2 - n i t r o - 1 -  
naphtho l  -4-sul  f o n i c  a c i d  occurred, was n o t  s i g n i f i c a n t l y  changed i n  t h e  
presence o f  sod i  um n i t r i t e .  The f o r m a t i  on o f  2 -n i  t r o - 1  -naphtho l  -4-su l  f o n i  c  
a c i d  f rom 2-nitroso-1-naphthol-4-sulfonic a c i d  was o n l y  s l i g h t l y  enhanced 
by t h e  presence o f  n i t r i t e .  Had t h e  presence o f  n i t r i t e  s h i f t e d  t h e  per-  
c h l o r i c  a c i d  f o rma t i on  t o  a  lower  a c i d  concen t ra t ion ,  t he  a c i d  decom- 
p o s i t i o n  o f  2-n i  troso-1-naphthol-4-sulfonic a c i d  p o s s i b l y  would have de- 
creased, thus c r e a t i n g  b e t t e r  c o n d i t i o n s  f o r  t h e  de te rm ina t i on  o f  sodiulr~ 
n i t r a t e .  
G. -- The Redox React ion Between Sodi um N i t r i t e  and 2-Ni t r oso -1  -Naphthol -4- 
S u l f o n i c  A c i d  a t  a  Mole R a t i o  o f  0.31 as a x n c t i o n  o f  P e r c h l o r i c  Ac id  
--------- - -Concent ra t ion  
The r e s u l t s  o f  t he  p reced ing  s tudy  suggested t h a t  n i t r i t e  p o s s i b l y  
enhanced t h e  f o rma t i on  o f  2-n i  t ro -1 -naph tho l -4 -su l  f o n i c  a c i d  f rom 2 -n i  t r o s o -  
1  -naphthol  -4 -su l  f o n i  c  a c i d  f n  t h e  presence of perch1 o r i  c  a c i d  and sodi  um 
n i t r a t e .  Because n i t r i t e  i s  an o x i d i z i n g  agent, i t  was necessary t o  d e t e r -  
mine whether o r  n o t  n i t r i t e  was o x i d i z i n g  2-nitroso-1-naphthol-4-sulfonic 
a c i d  i n  o r d e r  t o  be ab le  t o  c o r r e c t l y  assess t h e  r e s u l t s  o f  Experiment F. 
The r e s u l t s  o f  a  s tudy  o f  t h e  e f f e c t  o f  p e r c h l o r i c  a c i d  on t h e  
f o rma t i on  o f  2 - n i t r o - 1  -naphtho l -4-su l  f o n i  c  a c i d  f rom 1.709 x  - M sodium 
n i t r i t e  and 5.471 x  - M 2-nitroso-1-naphthol-4-sulfonic a c i d  us i ng  a  
r e a c t i o n  i n t e r v a l  o f  45.0 minutes,  has been presented g r a p h i c a l l y ,  F igure  16. 

The concen t ra t i on  o f  sodium n i t r i t e  i n  t h i s  s tudy  was comparable t o  
t he  concen t ra t i on  o f  sodium n i t r a t e  used i n  t h e  s t u d i e s  which y i e l d e d  the  
r e s u l t s  f o r  F igures 14 and 15. I n  t h e  presence o f  sod i  um n i t r i t e ,  t h e  
perch1 o r i  c  a c i d  concen t ra t ions  a t  which rr~axirnurn fo rmat ion  o f  2-n i  t r o - l -  
naph tho l -4 - su l f on i c  a c i d  occurred were sirni l a r  t o  t h e  r e s u l t s  ob ta ined  
i n  t he  absence o f  sod i  um n i t r i t e .  The rnore gradual inc rease  i n  t he  form- 
a t i o n  o f  2 -n i  t r o - 1  -naphthol  -4-su l  f o r l i c  a c i d  w i t h  i n c r e a s i n g  p e r c h l o r i  c  
a c i d  concen t ra t ions  i n  t h e  presence o f  sodium n i t r i t e  had been observed 
i n  F igures 14 and 15. 
While t he re  was exter ls i  ve forrr lat ion o f  2 -n i  t r o - 1  -naphthol  -4-su l  f o n i  c  
a c i d  a t  30-50 OC i n  6-7.5 - N p e r c h l o r i c  ac id ,  no r e a c t i o n  occurred a t  0 OC. 
The r e s u l t s  a t  0  OC were n o t  presented i n  F igure  16. The r e l a t i v e l y  con- 
s t a n t  absorbance values o f  0.4 a t  222 mu f o r  so lu t i o r l s  t r e a t e d  i n  6.15-9.03 
N p e r c h l o r i  c  a c i d  a t  0  OC i n d i c a t e d  t h a t  no r e a c t i o n  was occu r r i ng .  
Th is  exper iment,  and t h e  e a r l i e r  exper iment  i n  which sodium n i t r i t e  
was present ,  d e f i n i t e l y  showed t h a t  sodium n i t r i t e  enhanced t h e  fo rmat ion  
o f  2 -n i  tro-1-naphthol-4-sulfonic a c i d  f rom 2-n i  t roso-1  -naph tho l -4 - su l f on i c  
ac id ,  and was o x i d i z i n g  2 -n i  t roso-1-naphthol-4-sul .Ponic a c i d  t o  2 -n i  t r o -  
1  -naphthol  -4-sul  f o n i c  ac id .  Wi th  t h e  i n f o r m a t i o n  presented, i t  was d i  f f i  - 
c u l t  t o  ass ign  t he  e f f e c t ,  observed i n  systems c o n t a i n i n g  bo th  n i t r a t e  and 
n i t r i t e ,  t o  c a t a l y s i s  o f  t h e  r e a c t i o n  by n i t r i t e .  I n  f a c t ,  the  c o n d i t i o n s  
under which 2 -n i  t ro-1-naphthol -4-su l  f o n i  c  a c i d  was formed, e i t h e r  by 
n i t r a t e  o r  n i t r i t e ,  were so s i m i l a r  t h a t  i n  an a n a l y t i c a l  method f o r  n i t r a t e ,  
t h e  presence o f  n i t r i t e  i n  s i g n i f i c a n t  concen t ra t ions  would i n t e r f e r e ,  
thus g i v i n g  h i g h  r e s u l t s  f o r  n i t r a t e .  
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s u l  f o n i c  a c i d  t o  form 2-n i  t r o - 1  -naphthol  -4.-sul foni  c  ac id ,  and cons ide r i ng  
t h e  r e l a t i v e  concen t ra t i on  o f  n i t r i t e ,  t h e  s l i g h t  inc rease  i n  t he  r a t e  o f  
fo rmat ion  o f  2-n i  t r o - 1  -naphthol  -4-su l  f o n i  c  a c i d  m igh t  be accounted f o r  i n  
terms o f  an inc rease  i n  t h e  "mass a c t i o n "  p r i n c i p l e .  
A temperature o f  40.0 OC, u s i n g  lower  concen t ra t ions  o f  n i t r i t e ,  
was se lec ted  as a  poss ib l e  c o n d i t i o n  f o r  t he  d e t e c t i o n  o f  a  c a t a l y t i c  
e f f ec t  by n i t r i t e .  The r e s u l t s  i n  F igure  17 i nd i ca ted ,  by t h e  r e l a t i v e l y  
constant  absorbance values a t  222 mp and 261 mp, t h a t  r e l a t i v e l y  no de- 
composi t ion o f  2 -n i  t roso-1-naphthol -4-su l  f o n i c  a c i d  was o c c u r r i n g  i n  t h e  
6.71 - N p e r c h l o r i c  a c i d  a t  40.0 OC. The r a p i d  inc rease  i n  absorbance values 
a t  222 mp as a  f u n c t i o n  o f  t ime f o r  s o l u t i o n s  c o n t a i n i n g  n i t r a t e  and n i t -  
r i t e ,  when compared t o  the  absorbance values o f  s o l u t i o n s  which conta ined 
n i t r a t e  w i t h o u t  n i t r i t e ,  showed t h a t  n i t r i t e  enhanced f o rma t i on  o f  2 - n i t r o -  
1 -naphtho l -4 -su l fo r l i c  ac id .  The na tu re  o f  t h i s  inc rease  was such t h a t  i t  
seemed reasonable t o  b e l i e v e  t h a t  n i t r i t e  was p o s s i b l y  a  p o s i t i v e  c a t a l y s t  
i n  t h e  f o rma t i on  o f  2-n i  t r o - 1  -naphthol-4-sul  f o n i  c  a c i d  f rom sodium n i t r a t e  
and 2 -n i  t r oso -1  -naph tho l -4 -su l fon ic  ac id .  A more ex tens ive  s tudy,  o r  a t  
l e a s t  a  d u p l i c a t i o n  o f  t he  study, a t  40.0 O C  w i t h  d i f f e r e n t  n i t r i t e  con- 
cen t ra t i ons ,  i s  necessary t o  unequ ivoca l l y  s t a t e  t h a t  n i t r i t e  was a c t i n g  
as a  p o s i t i v e  c a t a l y s t  i n  t h e  system. 
I. The E f f e c t  o f  Fore ign Ions upon t h e  Proposed Method f o r  t h e  Deter-  
--f i a t i o n  ofTi t r a t e  in Natura l  Waters 
The e f f e c t  o f  f o r e i g n  i ons  upon t h e  f o rma t i on  o f  Z -n i t ro - l -naph-  
t h o l - 4 - s u l f o n i c  a c i d  f rom 4.941 x  1 0 ' ~  - PI sodium n i t r a t e  and 1.347 x  l o q 4  
M 2 -n i  t roso-1  -napt-~thol -4-sul f o r l i  c  a c i d  was s tud ied  i n 6.70 N perch1 o r i  c  
- - 
a c i d  a t  50.0 O C  f o r  70.0 rr~inutes t o  determine which substance would i n t e r -  
f e r e  w i t h  t h e  reac t i ons ,  r e s u l t i n g  i n  i n c o r r e c t  values f o r  n i t r a t e  i n  an 
a n a l y t i c a l  method. The r e s u l t s  o f  t h e s e  s t u d i e s  have been p r e s e n t e d  i n  
T a b l e  5. A  substance was c o n s i d e r e d  t o  i n t e r f e r e  i f  i t s  presence caused 
t h e  absorbance o f  t h e  s o l u t i o n  t o  be o u t s i d e  o f  a  range o f  ? 3 s t a n d a r d  
d e v i a t i o n s  o f  t h e  average o b t a i n e d  f rom c o n t r o l  s o l h t i o n s  c o n t a i n i n g  no 
f o r e i  gn i o n s .  The substances whi  ch i n t e r f e r e d  were D r e f t  , d i  chromate,  
c h l o r i d e ,  i o d i d e ,  i o d a t e ,  i r o n ( I 1 )  , n i t r i t e ,  h y d r o x y l  amine h y d r o c h l o r i d e ,  
s u l  f i  t e ,  c h l  o r a t e ,  t h i o s u l  f a t e ,  u rea,  rnetaarseni  t e ,  permanganate, and 
s u l f a m i c  a c i d .  The e f f e c t  o f  D r e f t  as an i n t e r f e r e n c e  was s t u d i e d  a t  
s e v e r a l  c o n c e n t r a t i o n s .  The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d  t h a t  D r e f t  
d i d  n o t  i n t e r f e r e  below t h e  10.0 t o  12.5-ppm range.  Wi th  t h e  e x c e p t i o n s  
o f  D r e f t  and c h l o r i d e ,  t h e  i n t e r f e r e n c e s  were o x i d i z i n g  o r  r e d u c i n g  agents.  
A t tempts  were made t o  de te rm ine  i f  i t  was p o s s i b l e  t o  remove some 
o f  t h e  i n t e r f e r i n g  i o n s  encoun te red  i n  n a t u r a l  wa te rs .  The r e s u l t s  o f  
t h i s  s t u d y  have been p r e s e n t e d  i n  T a b l e  6,  and t h e y  i n d i c a t e d  t h a t  t h e  
i n t e r f e r e n c e s  o f  c h l o r i d e  and i o d i d e  c o u l d  be removed b y  add ing  s i l v e r  
p e r c h l o r a t e  and t h e n  f i l t e r i n g  t o  remove t h e  s i l v e r  h a l i d e .  A f t e r  u s i n g  
t h i s  method, t h e  absorbances o f  s o l  u t i o n s  , wh ich  o r i g i n a l  l y  c o n t a i n e d  
h a l i d e s ,  were w i t h i n  t h e  30 range.  The a t t e m p t  ( s o l u t i o n s  2157-2158) t o  
remove d i ch romate  by  add ing  l e a d  p e r c h l o r a t e  and t h e n  f i l t e r i n g  t h e  
s o l u t i o n  t o  remove t h e  p r e c i p i t a t e  was n o t  c l e a r l y  s u c c e s s f u l .  The i n t e r -  
f e r e n c e  o f  i r o n ( I 1 )  ( s o l u t i o n  2160) was removed b y  a d d i n g  sodium h y d r o x i d e ,  
b u b b l i n g  oxygen gas th rough  t h e  s l u r r y ,  and f i l t e r i n g  t o  remove t h e  i r o n ( I 1 )  
h y d r o x i d e  o r  h y d r a t e d  i r o n ( I I 1 )  o x i d e .  
J .  A p p l i c a t i o n  o f  t h e  Proposed Method -- f o r  t h e  D e t e r m i n a t i o n  - o f  N i t r a t e  
i n  N a t u r a l  ~ X e r  
I n  o r d e r  t o  assess t h e  a p p l i c a b i l i t y  o f  t h e  proposed method f o r  t h e  












Table 6. The E f f e c t  o f  Foreign Ions, A f t e r  Treatment f o r  
Removal, Upon t h e  Proposed Method f o r  t he  Deter-  
m ina t i on  o f  N i t r a t e  i n  Natu ra l  Waters 
I n t e r f e r e n c e  
Sol n. Substance Conc. Removal A @ A @ 
No. Added p  prr~a Method 222 mu 261 mu 
NaCl 
- 
~ g +  & f i l t r a t i o n  
~ g +  & f i l t r a t i o n  
~ g +  & f i l t r a t i o n  
Pb++ & f i  1  t r a t i o n  
Pb++ & f i l t r a t i o n  
EDTA 
NaOH, 0 & 
f i  1  t r g t i o n  
a ~ h i s  concen t ra t ion  r e f e r s  t o  the  concen t ra t i on  o f  t h e  under- 
l i n e d  p o r t i o n  o f  the  f o r e i g n  i o n  substance i n  a  5 0 0  -ml sample. 
c o l l e c t  na tu ra l -wa te r  samples and t o  analyze these samples by an accepted 
method, and t he  proposed method. The p h e n o l d i s u l f o n i c  a c i d  method was 
chosen as t he  comparison method f o r  severa l  reasons: 1  ) The pheno ld i su l -  
f o n i c  a c i d  method has been t h e  most e x t e n s i v e l y  discussed method. 2 )  The 
p roduc t  o f  t he  n i t r a t i o n  r e a c t i o n  has been cha rac te r i zed  i n  t he  phenold i  - 
s u l f o n i c  a c i d  method. 3 )  The reagents i n  t h e  p h e n o l d i s u l f o n i c  a c i d  method 
were considered t o  be s a f e r  t o  use than t h e  reagents i n v o l v e d  i n  t he  
b ruc ine  method. 4 )  The s tandard s o l u t i o n s  needed f o r  c a l i b r a t i o n  curve 
cou ld  be prepared and s tored,  thus f a c i l i t a t i n g  p l ann ing  o f  work schedules 
around t h e  a p p l i c a t i o n  o f  two a n a l y t i c a l  methods t o  samples o f  ques t ion-  
ab le  s t a b i l i t y .  
Both procedures r e q u i r e d  removal o f  c h l o r i d e  f rom the  wate r  sarnples. 
The r e s u l t s  o f  t h e  de te rmina t ion  o f  t h e  c h l o r i d e  con ten t  o f  t h e  n a t u r a l  - 
water  samples have been presented i n  Table 7. Table 7 a l s o  l i s t s  t he  
volhme o f  s i l v e r  pe rch lo ra te  added t o  each 200.0-ml sample sub jec ted  t o  
p re t rea tment .  
The r e s u l t s  o f  t h e  Beer ' s - law da ta  f o r  t he  p h e n o l d i s u l f o n i c  a c i d  
method have been presented i n  F i  girre 21 . The n i  t r a t e - n i  t rogen  con ten t  o f  
t he  n a t u r a l  -water samples, as determined by t he  phenol d i s u l  f o n i c  a c i d  
method, have been presented i n  Table 8. The inc rease  i n  n i t r a t e - n i t r o g e n  
i n  t h e  sp iked samples compared w i t h  t h e  unspiked samples shou ld  have 
been 3.00-mg NO;-N/1. 
The Beer 's- law da ta  obta ined u s i n g  2-nitroso-l-naphthol-4-sulfonic 
a c i d  have been presented g r a p h i c a l l y  i n  F igure  22. The system conformed 
t o  Beer 's  law ove r  a  n i  t r a t e - n i t r o g e n  range o f  3-13 pg, b u t  the  system was 
such t h a t  t he  work ing  range o f  t h e  Beer ' s  law p l o t  was 3-23 pg o f  NO;-N. 
(Us ing a  chemical reagent  b lank  c o r r e c t i o n  o f  sodium n i t r a t e  i n  t h e  
Tab le  7. The C h l o r i d e  Content  o f  t h e  N a t u r a l  Water Samples 
mg AgC104 
KCN S C 1 added t o  
Sampl e ml a mg/ 1 200 ml 
Ohio R i v e r  1 . I 3 7  25.9 5.176 
Crab Orchard  Lake 1.292 2.2 0.429 
M i s s i s s i p p i  R i v e r  1.304 11.6 2.328 
L i t t l e  Grassy Lake 1 .304 t r a c e b  0.100 
B i g  Muddy R i v e r  1 .264 6.36 1.272 
City R e s e r v o i r  1.303 t r a c e b  0.100 
a ~ h i s  i s  t h e  volume o f  KCNS r e q u i r e d  t o  reach  t h e  end 
p o i n t  i n  t h e  Vo lha rd  t i t r a t i o n  o f  a 25.00-ml volume o f  
sample t o  wh ich  5.00 ml o f  t h e  s i l v e r  p e r c h l o r a t e  
(1 .00 ml = 1.01 mg C1) s o l u t i o n  had been added. A 
5.00-ml volume o f  s i l v e r  p e r c h l o r a t e  ( 1  .OO ml = 1 .O1 
mg C1) r e q u i r e d  1.306-1111 KCNS. 
b ~ h e  presence o f  c h l o r i d e  was a l s o  d e t e c t e d  by t h e  
t u r b i d i t y  i n  t h e  sample a f t e r  a d d i t i o n  o f  t h e  s i l v e r  
perch1 o r a t e  s o l u t i o n .  
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2-n i  t roso-1  -naphtho l  -4-su l  f o n i  c  a c i d  reagent  s o l u t i o n ,  t he  work ing  curve 
was s h i f t e d  t o  lower  concen t ra t ions .  'The system then conformed t o  Beer ' s  
law over  0.25-10 pg o f  NO?-N w i t h  a  work ing  range o f  0.25-20 pg o f  NO?-N.) 
The closeness o f  absorbance va lues ob ta ined  f rom the  s tandard  s e r i e s  
s o l u t i o n s  on separate days us i ng  t he  same reagen t  s o l u t i o n s  suggested t h a t  
t he  reproduc i  b i  1  i t y  o f  t h e  method was w i t h i n  t h e  1  i m i  t s  o f  spec t ropho tomet r i  c  
e r r o r .  It was n o t  necessary t o  prepare B e e r ' s  law s tandards each day when 
t h e  same reagents  were used. 
The r e l a t i v e l y  cons tan t  absorbance va lues ob ta ined  f o r  s o l u t i o n s  . 
low i n  n i t r a t e  i n  F i gu re  22 suggested t h a t  a  c o r r e c t i o n  f o r  a  reagen t  b lank  
was i n  o r d e r  f o r  Beer ' s - law and m o l e - r a t i o  s t u d i e s .  The r e l a t i o n s h i p  o f  
r e l a t i v e l y  cons tan t  absorbance va lues a t  low n i t r a t e  concen t ra t i ons  was 
rep roduc ib l e .  
The e f f e c t  o f  u s i n g  h e a t i n g  t imes o f  70.0, 40.0, and 30.0 minutes 
have been presented g r a p h i c a l l y  i n  F i gu re  23. The r e s u l t s  o f  t h i s  s tudy  
i n d i c a t e d  o n l y  a  s l i g h t  decrease i n  t he  amount o f  2 - n i t r o - l - n a p h t h o l - 4 -  
s u l f o n i c  a c i d  formed, occurred when t h e  r e a c t i o n  t ime  was reduced. The 
decrease i n  t ime  d i d  n o t  seem t o  s i g n i f i c a n t l y  a f f e c t  t h e  l i n e a r i t y  o f  t h e  
Beer 's - law curves. 
The accuracy o f  t h e  proposed method was determined by o b t a i n i n g  t h e  
percentage o f  n i t r a t e  recovered f rom a  sp iked  sample. The n i t r a t e - n i t r o g e n  
concen t ra t i ons  o f  t h e  n a t u r a l - w a t e r  samples, as determined by u s i n g  2- 
n i t roso-1 -naph tho l  - 4 - su l f on i  c  ac i d ,  have been presented i n  Table 8. The 
proposed method gave a n a l y t i c a l  r e s u l t s  which were ve ry  s a t i s f a c t o r y  i n  
r espec t  t o  t he  amount o f  n i t r a t e  recovered; t h e  r e s u l t s  a l s o  had reason- 
ab le  q u a n t i t a t i v e  agreement w i t h  t h e  n i  t r a t e  concen t ra t i on  as determined 
by u s i n g  t he  phenol d i  s u l  fon i  c  ac i d  method. F'los t methods y i e l d  r e s u l t s  





3 1 -h. 
h i g h e r  than t he  r e s u l t s  ob ta ined  u s i n g  t h e  p h e n o l d i s u l f o n i c  a c i d  procedure.  
The recovery  va l  ues ob ta ined  u s i n g  t he  2 -n i  t r oso -1  -naphtho l  -4-su l  f o n i  c  
a c i d  a r e  w i t h i n  t h e  ranges o f  r ecove r i es  ob ta ined  by Greenberg eA d. (26)  
u s i n g  t he  p h e n o l d i s u l f o n i c  a c i d  and b r u c i n e  methods. The range o f  average 
recove r i es  ob ta ined  by Greenberg eA cd. (26)  u s i n g  b ruc i ne  were 96.9-102.2 
%; t h e  average recove r i es  ob ta ined  us i ng  pheno ld i su l  f o n i c  a c i d  were 92.1 - 
115.8 %. 
Good recovery  va lues were n o t  ob ta ined  us i ng  2 -n i  t r oso -1  -naphtho l -  
4 - s u l f o n i c  a c i d  w i t h  a  d i f f e r e n t  a n a l y t i c a l  procedure.  A l l  o f  t h e  concen- 
t r a t i o n s  rece ived  were low, and i n  some water  samples n i t r a t e  i n  t he  1-2 
ppm range was n o t  detected.  The procedure y i e l d i n g  low concen t ra t i on  
va lues  cons i s t ed  o f  adding 10.00 m l  o f  p e r c h l o r i c  a c i d  t o  5.00 m l  wa te r  
samples. The wa te r -ac i d  m i x tu re  was heated f o r  15 minutes a t  50 O C  be fo re  
adding t h e  2 -n i  t r oso -1  -naphthol  -4-su l  f o n i c  ac i d .  A  70-minute r e a c t i o n  
i n t e r v a l  was used. Some o f  t h e  wa te r -ac i d  m i x tu res  were a l lowed t o  r e -  
main unused i n  excess o f  16 hours be fo re  e q u i l i b r a t i n g  15 minutes a t  
50 OC. The concen t ra t i on  o f  p e r c h l o r i c  a c i d  i n  t h i s  system was s u f f i c i e n t -  
l y  s t r o n g  t h a t  e s s e n t i a l l y  a l l  n i t r a t e  was p resen t  as n i t r i c  ac i d .  The 
l o w - n i t r a t e  va lues were p robab ly  t he  r e s u l  t o f  v o l a t i l i z a t i o n  o f  n i t r i c  
a c i d  be fo re  o r  d u r i n g  equi  1  i b r a t i o n .  The proposed a n a l y t i c a l  procedure 
avo ids c o n d i t i o n s  f avo rab le  t o  the  v o l a t i l i z a t i o n  o f  n i t r i c  a c i d  u n t i  1  
a l l  r eac tan t s  a re  p resen t  i n  t h e  system. Hea t ing  each f l a s k  immediate ly  
a f t e r  a d d i t i o n  o f  t he  p e r c h l o r i c  a c i d  commences o x i d a t i o n  i n  such a  
manner t h a t  o n l y  a  n e g l i g i b l e  amount o f  n i t r i c  a c i d  i s  l o s t .  
The reproduc i  b i l  i t y  o f  t h e  a n a l y t i c a l  va lues ob ta ined  f o r  the  
n i t r a t e  con ten t  o f  n a t u r a l  wa te r  was s t u d i e d  and the  r e s u l t s  have been 
presented i n  F i gu re  24 and i n  Table 9  f o r  222 mp and 261 mp. The volumes 
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F i g u r e  24. Accuracy and p r e c i s i o n  o f  methods o f  d e t e r m i n i n g  n i t r a t e  
i n  wa te r  
Tab1 e 9. P r e c i s i o n  Study Ni  t r a t e - N i  t rogen  Content o f  Na tu ra l  h'aters Using 
2-Ni t roso-1  -Naphthol -4-Sul f o n i  c Ac id  Method 
Sample 
ave. u 
N03- N N03- N NO?- 1\1 
A ?Pm PPm PPm 
ave. u 
NO?-N NO j -N  
P Pm P Pm 
Ohio 0.264 1.64 1.76 0.069 '1.67 0.096 
0.274 1.79 
0.276 1 .81 
0.275 1.80 
0.272 1.76 
Crab 0.480 2.89 2.90 0.011 2.81 0.072 









M i s s i s s i p p i  0.35 1.44 0.026 1.30 0.125 
( t e n  t r i a l s )  
a ~ h i s  s o l u t i o n  was sp iked  w i t h  3.00 ppm NOS-N. 
o f  t h e  water  samples taken f o r  t he  ana l ys i s  were v a r i e d  i n  such a  manner 
t h a t  t he  r e p r o d u c i b i l i t y  o f  t he  method was s tud ied  over  t he  e n t i r e  p o r t i o n  
o f  t he  Beer ' s  -law curve. 
The a n a l y t i c a l  method f o r  t h e  deter r r l inat i  or1 o f  n i t r a t e  proposed i n  
t h i s  d iscuss ion  was found t o  have t he  f o l l o w i n g  advantages over  t he  phenol- 
d i s u l f o n i c  a c i d  method: 
1 )  A mu1 ti purpose, commerc ia l l y -ava i lab le ,  a r l a l y t i c a l  reagent  (2- 
n i  t r oso -1  -naphthol  -4-su l  f o n i  c  a c i d )  was used f o r  t h e  c o l  or -devel  op ing  
compound. 
2) Sample evapora t ion  was unnecessary and absorbance va lues on a  
g iven sample cou ld  be obta ined w i t h i n  a  t ime pe r i od  o f  35 t o  75 minutes 
a f t e r  a  sample p re t rea tment  procedure common t o  both t h e  p h e n o l d i s u l f o n i c  
a c i d  method and t h e  2 -n i  t roso-1  -naphthol  - 4 - s u l f o n i c  a c i d  method. 
3 )  The use o f  a  hazardous, s t r ong -ac id  system ( fuming  s u l f u r i c  
ac i d )  has been avoided, thus he1 p i n g  t o  p reven t  se r i ous  burns. By per -  
sonal  exper ience, i t  was found t h a t  l i t t l e  t i s s u e  damage was encountered 
i f  s p i l l e d  p e r c h l o r i c  a c i d  was r i n s e d  f rom the  s k i n  w i t h i n  5  t o  10 seconds 
a f t e r  con tac t .  Cot ton and wool m a t e r i a l s  were n o t  damaged i f  areas 
spa t t e red  w i t h  perch1 o r i  c  ac i d  were prompt ly  n e u t r a l  i z e d  w i t h  a  sodium 
b icarbonate  s l u r r y .  
4)  The v i s c o s i t y  o f  t h e  p e r c h l o r i c  a c i d  was such t h a t  p i p e t  drainage 
t imes were very  s i m i l a r  t o  those o f  aqueous s o l u t i o n s .  
5)  The use o f  ammonium hydrox ide was n o t  necessary, n o r  employed. 
The proposed a n a l y t i c a l  method f o r  n i t r a t e  de te rm ina t i on  was found 
t o  have t he  f o l l o w i n g  advantages ove r  t he  b ruc ine  method f o r  n i t r a t e :  
1 )  The use o f  s u l f u r i c  ac i d  was n o t  necessary, thus avo id i ng  t h e  
assoc ia ted hazards. 
2) The co lo r -deve lop ing  reagent  was n o t  a  h i g h l y  t o x i c  a1 k a l o i d .  
3 )  Speci a1 hand1 i ng procedures o r  equipment ( i  . e. , cardboard boxes 
t o  m in im ize  1  i g h t  exposure) were n o t  needed d u r i n g  c o l o r  development. 
4 )  It was n o t  necessary t o  o b t a i n  Beer ' s - law da ta  d a i l y  when t h e  
same reagent  s o l u t i o n s  were be ing  used. 
The proposed a n a l y t i  c a l  method u s i n g  2-n i  t r oso -1  -naphthol  -4-sul - 
f o r ~ i c  a c i d  was found t o  r e q u i r e  t he  f o l l o w i n g  equipment and procedure 
cau t i ons :  
1  ) An u l t r a v i o l e t  spect rophotometer  was necessary i f  n i t r a t e  con- 
c e n t r a t i o n s  were t o  be determined u s i n g  absorbance va lues f rom 222 mu and 
261 mp. F i l t e r  photometers o r  Ness le r  tubes may be used i f  n i t r a t e  con- 
c e n t r a t i o n s  are t o  be measured by t he  decrease i n  t he  absorbance o f  t he  
c o b a l t  complex o f  t h e  reagent .  
2)  A  means o f  m a i n t a i n i n g  a  temperature o f  50 f 2  OC was requ i r ed .  
3 )  The samples and Beer ' s - law s tandards should  be heated f o r  t h e  
same amount o f  t ime,  t h a t  be ing  w i t h i n  60 seconds o f  one another .  
4) The use o f  D r e f t  and p robab ly  o t h e r  a lky lbenzenesu l fona te  d e t e r -  
gents i n  c l ean ing  glassware should be avoided. The use o f  A1 conox and 
Heamo-Sol c l ean ing  powders was permi ssabl  e.  
5 )  It was necessary t o  survey each b o t t l e  o f  p e r c h l o r i c  a c i d  f o r  
ox i dan t s  and t he  a b i l i t y  t o  cause t h e  f o rma t i on  o f  2 -n i t r o - l - naph tho l - 4 -  
s u l  f o n i  c  ac i d .  P e r c h l o r i  c  a c i d  f rom G. F reder i ck  Smith Chemical Company 
was found t o  cons i  s t e n t l y  pass these r e q u i  rements . 
V. CONCLUSIONS 
The chemist ry  o f  t h e  r e a c t i o n  o f  sodium n i t r a t e  w i t h  2 - n i t r o s o - l -  
naph tho l -4 -su l fon i  c  a c i d  t o  form 2-n i  t ro-1-naphthol -4-su l  f o n i c  a c i d  i n  
p e r c h l o r i c  a c i d  has been e x t e n s i v e l y  s t u d i e d  and t h e  r e s u l t s  o f  these 
s t u d i e s  repo r ted  he re in .  The f o rma t i on  o f  2-n i  t ro -1 -naphtho l -4 -su l  f o n i c  
a c i d  i n  6.7 - N p e r c h l o r i c  a c i d  has been shown t o  be e s s e n t i a l l y  complete 
w i t h i n  70, 30, and 20 minutes a t  50.0, 60.0, and 70.0 OC, r e s p e c t i v e l y .  
The r e l a t i v e  amount o f  r e a c t i o n  has been shown t o  be a  complex f u n c t i o n  o f  
t h e  p e r c h l o r i c  a c i d  cor l cen t ra t ion  which cou ld  be exp la i ned  by t h e  f a c t  
t h a t  two poss ib l e  rr~chanisms e x i s t e d  through which 2 -n i  t r o - 1  -naphthol  -4- 
s u l f o n i c  a c i d  could be formed f rom 2-n i t roso-1 -naphtho l -4 -su l fon ic  ac id .  
M o l e - r a t i o  s t u d i e s  suggested t h a t  i n  6.7 - N p e r c h l o r i c  ac id ,  n i t r a t e  was 
o x i d i z i n g  2-n i  t r oso -1  -naphthol  - 4 - s u l f o r ~ i c  ac id ;  w h i l e  i n  8.4 and 10 - N  
perch1 o r i  c  ac id ,  n i t r a t e  was n i t r a t i n g  2 -n i  t roso-1  -naphthol  -4-su l  f o n i  c  
a c i d  t o  form 2 - n i t r o - 1  -naphthol - 4 - s u l f o n i c  ac id .  
The e f f e c t  o f  n i t r i t e  was s t u d i e d  and shown t o  p o s s i b l y  e x e r t  a 
p o s i t i v e  c a t a l y t i c  e f f e c t  on t h e  r e a c t i o n  between sodiurn n i  t r a t e  and 
2 -n i  t r oso -1 -naph tho l - 4 - su l f on i c  a c i d  i n  6.5-7.3 - N p e r c h l o r i c  ac id .  N i t r i t e  
has a1 so been shown t o  be ab le  t o  r e a c t  w i t h  2-n i  t r oso -1  -naphthol  ~ 4 - s u l -  
f o n i c  a c i d  t o  form 2 -n i t r o -1 -naph tho l - 4 - su l f on i c  a c i d  i n  6.5-7.3 - N per-  
chi o r i  c  ac i d .  
Evidence has been presented which i l l u s t r a t e d  t h a t  t h e  r e a c t i o n  
between sodium n i t r a t e  and 2 -n i  t roso-1  -naphthol -4-su l  f o n i c  a c i d  i n  6.7 
N  p e r c h l o r i c  a c i d  cou ld  be used i n  an a n a l y t i c a l  method. Other than D re f t  
- 
and c h l o r i d e ,  t h e  o n l y  i n t e r f e r e n c e s  encountered were o x i d i z i n g  o r  reduc ing  
agents.  The i n t e r f e r e n c e  o f  c h l o r i d e  , i o d i d e ,  and i r o n ( 1 I )  were removed 
by f i  1  t r a t i o n  o f  p r e c i p i t a t e s  formed by these i o n s .  The i n t e r f e r e n c e  o f  
n i t r i t e  was t o  be removed by o x i d a t i o n  w i t h  permanganate, and subsequent 
c o r r e c t i o n s  appl i ed. 
The system conformed t o  B e e r ' s  law f rom 0.25 t o  10 pg o f  NO;-N, 
a1 l o w i n g  f o r  t h e  d e t e c t i o n  o f  0.04 mg N0j-N/1 u s i n g  a  6.00-ml sample o f  
wa te r .  The n a t u r e  o f  t h e  Beer ' s - law curve was such t h a t  t h e  work ing  r e -  
g i o n  was 0.25 t o  20 pg o f  NO;-N, a l l o w i n g  f o r  t h e  d e t e r m i n a t i o n  o f  0.04 
t o  3.3 mg NOi-N/1 u s i n g  a  6.00-ml sample, w h i l e  t h e  range f o r  a  1.00-ml 
sample was 0.25 t o  20.0 mg/l NO;-N. 
The accuracy o f  t h e  method, determined by t h e  recovery  o f  a  known 
added amount o f  n i t r a t e ,  was found t o  be b e t t e r  than  t h e  b r u c i n e  method 
when t h e  absorbance was measured a t  222 mp. The p r e c i s i o n  o f  t h e  method 
was showrl t o  be l i r r l i  t e d  t o  t h e  l e v e l  o f  random s p e c t r o p h o t o m e t r i c  e r r o r s  
which was (1.1-1.9) x  10" mg NO;-N/1 a t  222 rnp and (7.2-12.6) x  10" mg 
NO;-N/1 a t  261 rnp. The rneasurernent o f  absorbance, which was subsequent ly  
1  i n e a r l y  r e 1  a ted  t o  r l i  t r a t e  c o n c e n t r a t i o n ,  was accornpl i shed f o r  222 mp, 
261 rrlp, and 525 rnp which cor respond t o  a b s o r p t i o n  maxima f o r  2 - n i t r o - 1 -  
naph tho l  -4 -su l  f o n i  c  a c i d ,  and t h e  c o b a l t  complex o f  t h e  1  a t t e r ,  respec- 
ti v e l y .  
The n a t u r a l - w a t e r  samples were such t h a t  developnlent o f  t h e  c o b a l t  
complex was n o t  necessary because t h e  sarrlples d i d  n o t  absorb s t r o n g l y  
a t  222 rnp o r  261 rnp a f t e r  b e i n g  heated i n  perch1 o r i c  a c i d .  
The t irne suggested f o r  c o l o r  development o f  a  p r e t r e a t e d  sample 
was 70 rrlinutes; however, a  30-minute p e r i o d  c o u l d  be u t i l i z e d  w i t h  p rob-  
a b l y  o n l y  a  s l i g h t  i n c r e a s e  i n  t h e  magnitude o f  p r e c i s i o n  va lues.  
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Chapter 2 
SOME ASPECTS OF THE DETERMINATION OF NITRATE 
IN WATER USING 1-NAPHTHOL-4-SULFONIC ACID 
Richard J . Antepenko and A1 b e r t  L. Caskey 
I. INTRODUCTION 
Natura l  waters  and wa te r  suppl  i e s  c o n t a i n  v a r y i  ng amourlts o f  t r a c e  
i m p u r i t i e s .  Methods f o r  t he  de te rmina t ion  o f  these i m p u r i t i e s  a re  s i g n i f i -  
c a n t  f o r  t h e  w e l f a r e  o f  man and animals.  The n i t r a t e  i on ,  recogr l ized as 
a  s i g n i f i c a n t  c o n t r i b u t o r  t o  p o l l u t i o n  i n  n a t u r a l  waters ,  i s  t he  f i n a l  
p roduc t  o f  t h e  aerobi  c  decomposi t i o n  o f  o rgan ic  m a t t e r  c o n t a i  n i r ~ g  n i t r o g e n  
and i t s  presence i n  wate r  i n d i c a t e s  t h e  f i n a l  stages o f  b i o l o g i c a l  ox ida-  
t i o n .  Trace q u a n t i t i e s  o f  n i t r a t e  a re  gene ra l l y  p resen t  i n  most su r f ace  
waters and ground waters . High concent ra t ions  i n d i c a t e  contaminat ior l  by 
o rgan i c  mat te r .  Sources o f  n i t r a t e  po l  1  u t i o n  i n c l  ude t h e  manufacture and 
use o f  f e r t i l  i z e r s  and var ious i n d u s t r i a l  opera t ions ,  The t o x i c  e f f ec t s  
o f  h i g h - n i t r a t e  l e v e l s  i n  wa te r  consumed by man, animals,  and f i s h  as we1 1  
as s u i t a b l e  l i m i t s  f o r  the  presence of t h i s  c o n s t i t u e n t  have beer1 repo r ted  
(1  92). 
Among the  numerous methods a v a i l a b l e  f o r  t h e  de te rm ina t i on  o f  n i t r a t e  
i n  t r a c e  q u a n t i t i e s ,  the phenol d i s u l  f o n i c  a c i d  method proposed by Springe1 
(3 )  i s  perhaps t h e  most w i d e l y  used method today. The n i t r a t e ,  on t r e a t -  
ment w i t h  phenol d i s u l f o n i c  ac id ,  forms a  ye1 low-co lo red  compound, t h e  
c o l o r  o f  which i s  i n t e n s i f i e d  i n  b a s i c  media. The concen t ra t i on  o f  n i t r a t e  
i s  es t imated  e i t h e r  by c o l o r i m e t r i c  comparisons aga ins t  s tandard  s o l  u t i o n s  , 
o r  by spect ropk~otornet r i  c a l  l y  measuring t he  absorbance o f  the  s o l  u t i  ons and 
1 
comparing w i t h  a  s i m i l a r l y  ob ta i ned  ca l  i b r a t i o n  curve. 
Osmo M a k i t i e  (4 )  r epo r ted  a  method f o r  t h e  de te rm ina t i on  o f  n i t r a t e  
i r~ wa te r  us ing  sodium 1-naphthol-4-sul  f ona te  i n  d i 1  u t e  s u l f u r i c  ac id .  The 
system was repo r ted  t o  f o l l o w  a  n i  t r a t i o n  p.rocedure s i m i l  a r  t o  t h a t  o f  the  
phenol d i s u l  f o n i c  a c i d  method. The paste, c o n t a i n i n g  n i t r a t e , '  ob ta ined  
a f t e r  evapora t ion  o f  t h e  sample, was t r e a t e d  w i t h  t h e  reagent  i n  2.5 - M 
s u l f u r i c  a c i d  a t  room cond i t i ons ;  t he  s l u r r y  was made b a s i c  and t h e  con- 
c e n t r a t i o n  o f  n i t r a t e  was es t imated  by measuring t h e  absorbance o f  t h e  
n i t r a t i o n  product ,  s a i d  t o  be 2-n i  t ro-1-naphthol -4-su l  f o n i  c  ac i d .  
Abercrombie (5 )  prepared 2-n i  t r o - 1  -naphthol  -4-su l  f o n i  c  a c i d  by two 
independent methods. F i r s t ,  2-n i  t roso-1  -naph t ho l - 4 - su l  f o n i  c  a c i d  was 
reac ted  w i t h  equal molar  o r  l e s s  n i t r a t e  i n  d i l  u t e  a c i d  t o  form t h e  pro-  
duct .  I n  t h e  second method o f  syn thes i s ,  2 -n i  t roso-1-naphthol -4-su l  f o n i c  
a c i d  was o x i d i z e d  by hydrogen perox ide  i n  a  tr if l  o r a c e t i c  a c i d  medi um t o  
form t h e  des i r ed  spec ies.  A  comparison o f  t h e  s p e c t r a l  da ta  f o r  2 - n i t r o -  
1-naphthol  -4-su l  f o n i  c  a c i d  r epo r ted  by M a k i t i e  w i t h  s p e c t r a l  da ta  ob ta ined  
by Abercrombie revea led  severa l  d iscrepancies.  
Maki t i e  r epo r ted  t h a t  n i  t r a t i o n  o f  1  -naph tho1 -4-sul  f o n i  c  a c i  d  pro- 
ceeded i n  5  - N r 2 . 5  - M I  s u l f u r i c  a c i d  t o  form 2-n i t ro -1 -naphtho l -4 -su l fon ic  
ac id ,  b u t  at tempts i n  t h i s  1  abora to ry  t o  repea t  t h e  n i t r a t i o n  r e a c t i o n  
f o l l o w i n g  the  repo r ted  proced l~re  f a i l e d .  The study repor ted  here was 
undertaken i n  an at tempt  t o  i d e n t i f y  the  product  o r  products f ~ r m e d  i n  
t h i s  system, as w e l l  as e s t a b l i s h  mare optimum cond i t i ons  f o r  the n i  t r a -  
t i o n ,  and thereby eva lua te  the  method proposed by Maki t i e .  
11. HISTORICAL 
The phenol d i s u l  f o n i c  a c i d  method f o r  t he  de te rm ina t i on  o f  n i t r a t e  
was f i r s t  proposed by Sprengel (3)  i n  1863. I n  1885, Grandval and 
La joux  (6) p rov ided  a  procedure f o r  t h i s  method on a  p r a c t i c a l  bas i s  
which remains e s s e n t i a l l y  t he  same today. The procedure cons i s ted  o f  
mo is ten ing  t he  residue, ob ta ined  by evapora t ing  a  wa te r  sample, w i t h  a  
s o l  u t i o n  o f  phenol i n  concentrated s u l  f u r i c  ac id .  The r e s u l t i n g  s o l  u- 
t i o n  was d i  1  u ted  w i t h  wa te r  and made b a s i c  w i t h  ammoni um, sod i  um o r  
po tass i  um hydrox ide.  The ye1 low c o l o r  produced, thought  t o  r esu l  t f rom 
the  f o rma t i on  o f  an a1 k a l  i s a l  t o f  p i  c r i c  a c i d  (7) , was then  matched 
aga ins t  t h e  c o l o r  o f  s tandard  s o l u t i o n s  prepared i n  a  s i m i l a r  manner. 
A f t e r  much con t roversy  concerning t h e  i d e n t i t y  o f  t he  species 
produc ing t he  y e l l o w  c o l o r  i n  b a s i c  media, Chamot and P r a t t  (7,8) showed, 
through i s 0 1  a t i o n  and cha rac te r i za t i on ,  t h a t  t h e  c o l o r  was caused by t he  
f o rma t i on  o f  t he  t r i p o t a s s i  um s a l t  o f  n i  t rophenol  d i s u l  f o n i  c  a c i d  ( 7 1 )  . 
The Ameri can Water Works Associ a t i o n  (9)  has t e r ~ a t i  v e l y  accepted t he  
phenol d i s u l  f o n i  c  a c i d  method f o r  t h e  determi n a t i o n  o f  n i t r a t e ,  a  method 
which est imates n i  t r a t e - n i  t rogen l e v e l s  down t o  0.01 mg/l . The reagent,  
1-phenol -2 ,4-d isu l fon ic  a c i d  (777),  i s  prepared by d i s s o l v i n g  25 g  o f  w h i t e  
phenol (7V) i n  150 m l  o f  concentrated s u l f u r i c  ac id ,  adding 75 rnl  o f  
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n i t r a t e  t o  form the  "o r tho " -n i  t ronaphtholsu l  f o n i  c  ac id .  The n i t r a t i o n  
product  was descr ibed t o  e x i s t  as the ye l low-green an ion i c  form, 2-n i  t r o -  
1-naphthol-4-sul  fona te  ( V I )  , when present  i n  a c i d i c  medium, b u t  as t h e  
d ian ion  ( V I I )  i n  a  h i g h l y  a1 k a l i n e  medium w i t h  the c o l o r  be ing  i n t e n s i f i e d  
through naph tho1 i c d i s s o c i a t i o n .  
M a k i t i e  repor ted  t h a t  " t h e  n i t r a t i o n  i s  e a s i l y  c a r r i e d  o u t  by the 
procedure normal l y  used i n  the  phenol d i  s u l  f o n i  c  ac i  d  method". 
Procedure f o r  determinat ion of  n i t r a t e s  (4) 
The sample s o l u t i o n  has t o  b e  t r e a t e d  wi th  s i l v e r  su lpha te  
t o  e l imina te  ch lo r ides  and wi th  a c t i v a t e d  charcoa l  t o  decolour- 
i z e  i t ,  i f  need be .  
An a l i q u o t  of no t  l e s s  than 10 micrograms o f  n i t ra te -N i s  
evaporated t o  dryness i n  a d i sh  on a water  b a t h ,  cooled and 
t h e  r e s idue  d isso lved  i n  2 ni l  of 0 . 1  M s o l u t i o n  of  l-naphthol- 
4-su l fonic  a c i d  (sodium s a l t )  i n  5 N s u l p h u r i c  ac id .  
The coloured s o l u t i o n  i s  d i l u t e d  wi th  wa te r ,  bu f f e red  t o  
a l k a l i n e  pH by means of borax/ammonium hydroxide b u f f e r  ( a t  
l e a s t  pH 8.5) , and made up t o  100 m l .  
The absorbance is  measured, preferab ly  spectrophotometric- 
a l l y  a t  435 m u ,  aga ins t  a  blank and compared wi th  a  c a l i b r a t i o n  
curve obtained s i m i l a r l y .  
M a k i t i e  1  i s t e d  two references, Jackson ( 1  2) , and Theroux, &.at. ( 1  3 ) ,  
o f  which bo th  p rov ided  procedures f o r  a  phenol d i s u l f o n i c  a c i d  method f o r  
n i t r a t e  de te rmina t ion  s i m i l a r  t o  the  one used by t h e  American Water Works 
Assoc ia t ion .  Jackson appl i e d  the  method f o r  t h e  de te rm ina t i on  o f  n i  t r a t e  
i n  s o i l .  He descr ibed the  n i t r a t i o n  t a k i n g  p l ace  a t  t he  6 p o s i t i o n  o f  
2 ,4-phenold isu l fon ic  a c i d  (111) fo rming  n i  t rophenol  d i s u l  f o n i c  a c i d  (11) .  
Theroux employed t he  method f o r  t he  de te rm ina t i on  o f  n i t r a t e  i n  wa te r  and 
sewage. He repo r ted  t h e  p roduc t  was p i c r i c  a c i d  ( I ) ,  a  p roduc t  r epo r ted  
i n c o r r e c t  by Chamt  and P r a t t  (7,8). 
The proposed n i t r a t i o n  procedure u s i  ng 1-naphthol -4-su l  f o n i c  a c i d  
as t h e  reagent  was repo r ted  t o  be s i m i l a r  t o  t he  one used i n  t h e  pheno ld i -  
s u l f o n i c  a c i d  method. I n  the  procedures presented by Jackson o r  Theroux, 
t h e  n i t r a t i o n  r e a c t i o n  occurred i n  concentrated s u l  f u r i  c  a c i d  c o n t a i n i  ng 
fuming s u l f u r i c  ac id .  The n i t r a t e  sample was evaporated t o  dryness pre- 
v ious t o  t he  de te rmina t ion  s i n c e  " t h e  r e a c t i o n  must be e f f e c t e d  i n  the  
v i  r t u a l  absence o f  water"  ( 1  2) . I f  Maki t i e ' s  procedure was s i  m i l  a r  t o  the  
p h e n o l d i s u l f o n i c  a c i d  method, why was the  reagent used i n  2.5 M s u l f u r i c  
a c i d  when a s i m i l a r  procedure would c a l l  f o r  a  nonaqueous, concentrated 
a c i d  sys tern? I f  the  n i t r a t i o n  o f  1  -naphthol  -4-sul  f o n i c  a c i d  proceeded i n  
d i l u t e  s u l f u r i c  ac id ,  what purpose was t h e r e  i n  evapora t ing  t h e  n i t r a t e  
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aAbercrombie and Cas key ( 1  5) 
b ~ a k i  t i e  ( 4 ) ,  t he  wavelength maximum and molar  a b s o r b t i v i t y  were 
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Figure  1 .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t r a ,  i n  a c i d i c  media,  o f  1  -naphthol-4-sul  f o n i  c a c i d  (1 -OH) , 
2-nitroso-1-naphthol-4-sulfonic a c i d  (2-NO), 2-ni t ro-1-naphthol-4-sulfonic  a c i d  (2-NO2), 




Reagent grade cherr~i ca l  s  meet ing Arnerican Chemical Soc ie t y  spec i  f i  ca- 
t i o n s  were used whenever they were commercial ly a v a i l a b l e .  A 1 i s t  o f  
t he  p e r t i n e n t  chemicals used has been presented i n  Tab le  2. 
A l l  wa te r  used was de ion ized  wate r  prepared by pass ing d i s t i l l e d  
wa te r  through a colurnn of monobed, s e l f - i n d i c a t i n g ,  ion-exchange r e s i n ,  
Rohm and Haas Amberl- i te MB3 ( M a l l i n c k r o d t  3326). The de ion ized  wa te r  
was s t o r e d  f r e e  f rom carbon d iox ide .  
B .  Equipment 
A Beckmarl Yodel DB (1401 ) r eco rd ing  spectrophotometer,  equipped w i t h  
1  .O-cm, matched, s i  1  i c a ,  absorp t ion  c e l l s  , was used f o r  absorbance measure- 
ments. 
A P e r k i n  Elmer Model 137B I n f r a c o r d  was used t o  o b t a i n  i n f r a r e d  
spec t ra .  
A Thomas Hoover Unimel t C a p i l l  a ry  Plel ti ng-Point  Apparatus (Thomas 
6406M) was used t o  o b t a i n  me1 t i n g  p o i n t s .  
A Buch le r  P o r t a b l e  Flash Evaporator  (Buch le r  PTFF-1 C) was used t o  re -  
move so l ven t s .  
A B lue  M Magni Wh i r l  U t i l i t y  Water Bath and a constant - temperature 
ba th  equipped w i t h  a  P r e c i s i o n  S c i e n t i f i c  Co. Portaterr~p r e g u l a t o r  (Sargent  
84875) were used . 
A Na t i ona l  Appl i ance Company, f u l l  -v iew , vacuurn over1 (Model No. 5830) 
was used f o r  d r y i n g  a t  reduced atmospheres. 
A wa te r  ba th  was cons t ruc ted  from a 1 arge, s t a i n l e s s - s t e e l  pan 
p l  aced on a Corning PC-351 h o t - p l  ate-magneti c-s ti r r e r  and was connected t o  
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a  r i ng -s tand .  Microclamps were used t o  h o l d  a  maximum number o f  s i x ,  
100-ml f lasks  i n  t h e  ba th  a t  one t ime.  
B o r o s i l  i ca te  glassware was used e x c l u s i v e l y  . A1 1  vo lume t r i c  ware 
was NBS C l  ass "A" qua1 i ty . An Ace 6684 s  tandard- taper  u n i t  was used f o r  
vacuum sub1 i m a t i  ons . Whatman GF/A g lass f i  1  t e r  paper was used ex tens i  v e l y  . 
C. P u r i f i c a t i o n  - o f Sodi urn 1-Naphthol -4-Sul fonate 
Sodi urn 1  -naphthol -4-su l  f ona te  was p u r i f i e d  as t he  1 - t o 1  u i d i n i  urn s a l t .  
Equa l - ro l  a r  q u a n t i t i e s  o f  sodi  urn 1  -naphtt-101-4-sul f ona te  and p t o l  u i d i n e  
were d i sso l ved  i n  a  minirnurr~ arnount o f  h o t  ( 1  :5 v /v)  h y d r o c t - ~ l o r i c  ac id .  
The dark-brown s o l  u t i o n  was decol o r i z e d  w i  t h  a c t i  vated carbon and cooled 
t o  5  " C  t o  f a c i  1  i t a t e  c rys  t a l l  i z a t i o n .  A f t e r  severa l  r e c r y s t a l  1  i z a t i o n s  
f rom d i  1  u t e  h y d r o c h l o r i c  ac i d ,  t he  e- to1 u i d i n i  um 1-naphthol -4 -su l  fonate 
was suspended i n  wa te r  and sodium hydrox ide  added t o  i nc rease  t he  pH o f  
t h e  suspension t o  9. The suspension was e x t r a c t e d  w i t h  e t h e r  t o  remove 
t h e  p t o l u i d i n e ,  and t h e  remain ing aqueous s o l u t i o n  was then passed 
through a  column con ta in i ng  a  s t rong-ac id ,  cation-exchange r e s i n  i n  t he  
hydrogen-ion form. The h i  g h l y - a c i d i  c, e f f l  uent  s o l  u t i o n  was ad jus ted  t o  
pH 6.8 w i t h  sod i  um hydrox ide  and the  s o l  ven t  removed by fl ash evapora t ion  
a t  50 "C. The sodium 1-naphthol-4-sul  fona te  was d r i e d  i n  a  vacuum oven 
a t  40 " C  f o r  24 hours. 
D. P repa ra t i on  of Potassium 1-Naphthol-4-Sul f ona te  
Potass i urr~ 1  - naph tho1 -4-su l  fona te  was prepared i n  a  manner analogous 
t o  t he  p u r i f i c a t i o n  o f  sod i  um 1-naphthol -4-su l  fonate,  except  t h a t  t he  
h i g h l y - a c i d i c ,  e f f l u e n t  s o l u t i o n  c o l l e c t e d  from the  column, which con- 
s i s t e d  of  an aqueous so l  u t i o n  o f  1-naphthol-4-sul  f o n i  c  ac i d ,  was passed 
through a second c o l  ul.lir1 c o r ~ t a i  n i  ng a weak a c i  d, cat ion-exchange r e s i  n 
i n  t h e  potass ium- ion form. The e f f l u e n t  s o l u t i o n  was evaporated t o  
dryness w i t h  a f l a s h  evapora to r  a t  50 " C  and t h e  r e s u l t i n g  s o l i d ,  potas- 
siurn 1-naphtho l -4-su l fonate,  was d r i e d  i n  a vacuum oven a t  40 " C  f o r  24 
hours.  
E l  emental Ana lys is  
Q u a n t i t a t i v e  elemental  analyses were made by Gal b r a i  t h  Labo ra to r i es ,  
Ihc . ,  P. 0. .Box 4187, K n o x v i l l e ,  Tennessee. 
F. Procedures 
1. Sol  u t i  on P repa ra t i on  
A1 1 s o l  u t i  ons and carbon used f o r  r ec r ys  t a l l  i z a t i  on were degassed 
by a s h o r t  p e r i o d  o f  b o i l i n g .  
S o l u t i o n  p r e p a r a t i o n  cons i s t ed  o f  d i s s o l v i n g  a p r e c i s e l y  weighed 
amount o f  m a t e r i a l  i n  wa te r  f o l l owed  by d i l u t i o n  t o  volume i n  a vo l  u- 
m e t r i c  f l a s k .  
2. - The React ion o f  1-Naphtho l -4-Sul fon ic  -- Acid  w i t h  N i t r a t e  -- i n  2.5 
M S u l f u r i c  A c g  
- 
- 
N i t r a t e  samples were prepared by p l a c i n g  2.00-ml a l i q u o t s  o f  0.1000 M 
sodium n i t r a t e  s o l u t i o n  i n  smal l  beakers f o l l owed  by h e a t i n g  on e i t h e r  
steam corles o r  h o t  p l a t e s  t o  dryness. A f t e r  t he  beakers and con ten ts  
coo led t o  room temperature, 2.00-rnl a1 l q u o t s  o f  0.1000 - M potassium 1- 
naphthol  -4-sul f ona te  i n  2.5 - M s u l  f u r i  c a c i d  were rr~ixed thorough ly  w i t h  t h e  
n i t r a t e  res idues f o r  a s h o r t  pe r i od .  Sorr~e r e a c t i o n  m ix tu res  were heated 
by e i t h e r  steam cones o r  h o t  p l a t e s  f o r  v a r i e d  per iods  o f  tirne. Sometimes 
when a brown p r e c i p i t a t e  formed, i t  was . i so la ted .  The reac t i ons  were 
stopped by d i  1 u t i o n  w i t h  c o l d  water ,  f o l l owed  by e q u i l i b r a t i o n  t o  room 
temperature and d i l u t i o n  t o  100.0 m l  w i t h  water .  A l i q u o t s ,  5.00 m l  , were 
p laced i n  100-ml vo lume t r i c  f l a s k s  and made e i t h e r  a c i d i c  o r  b a s i c  by 
a d d i t i o n  o f  e i t h e r  p e r c h l o r i c  a c i d  o r  sodium hydrox ide,  and a f t e r  d i l u t i o n  
t o  vo l  ume w i  t h  water,  t h e i r  u l  t r a v i o l  e t  spec t ra  were recorded. 
A s o l u t i o n  o f  t he  brown res idue  was prepared by d i s s o l v i n g  2.7 mg 
i n  water ;  t h e  u l t r a v i o l e t  and v i s i b l e  spec t ra  o f  a1 i q u o t s  i n  a c i d i c  and 
b a s i c  s o l  u t i  ons were recorded. 
A smal l  p o r t i o n  o f  the  brown res idue  was sub1 imed under vacuum a t  
100 "C .  
3. - A Study -- on t h e  Reactant Combinations Which Promote a Co lo r  Change 
i n  t he  N i t r a t i o n  System 
--
Four v a r i e d  arrangements o f  r eac tan t s  were p laced  i n  f ou r ,  medium- 
s i z e d  beakers f i  t t e d  w i t h  beaker covers.  Sodi um n i t r a t e  and reagent  
(sodium 1 -naphthol -4-su l  fonate)  were employed i n  concen t ra t ions  o f  0.1000 
M. The f i r s t  beaker  conta ined n i t r a t e  and reagent  i n  2.5 . f j  s u l f u r i c  ac id ,  
- 
t h e  second beaker conta ined n i t r a t e  and reagent,  the  t h i r d  beaker conta ined 
n i t r a t e  i n  2.5 - M s u l f u r i c  a c i d  and t he  f o u r t h  beaker  conta ined reagent  i n  
2.5 - M s u l f u r i c  ac id .  The beakers were heated by steam cones e i t h e r  t o  
dryness o r  u n t i l  a c o l o r  change occurred.  
4. The E f f ec t  of  Ac id  Concentrat ion -- on t h e  React ion - o f l -Naphthol -4-  
Sul  fon i  c -- A c a  wi Ni  t r a t e  
Fourteen s o l u t i o n s ,  each c o n t a i n i n g  a t o t a l  volume o f  20.00 m l ,  were 
prepared i n  100-ml vol  umetr i  c f l  asks . I n  each f l  ask was p laced 1.00-111 
0.1000 - M sodium n i t r a t e  s o l u t i o n ,  1.00-ml 0.1000 - M sodium l -naph tho l -4 -  
s u l  f ona te  s o l u t i o n  and 18.00 m l  o f  v a r i e d  amounts o f  concen t ra ted  s u l  f u r i c  
a c i d  and wa te r  p r o v i d i n g  a s u l f u r i c  a c i d  concen t ra t i on  range o f  2.5 - M t o  
9.1 M. The s o l u t i o n s  were stoppered, shaken, and a l lowed t o  r e a c t  f o r  60 
minutes a t  91 " C  i n  a wa te r  ba th .  The reac t i ons  were quenched w i t h  c o l d  
water ,  t he  s o l u t i o n s  a1 1 owed t o  equi  1 i b r a t e  t o  room cond i t i ons ,  and a f t e r  
d i  1 u t i  on t o  vo l  ume, t h e i r  v i s i b l e  and u l  t r a v i  01 e t  s p e c t r a  were recorded. 
5. The Reac t ion  of 1 -Naphthol -4-Sul f o n i  c Ac id  w i t h  N i t r a t e  under 
V a r y i n g  Cond i t ions  o f  - Aci d Concent ra t ion,  Temperature, -- and T i  me
The procedure employed i n  t h e  s t u d i e s  cons i s t ed  o f  add ing p r e c i s l y  
measured volumes o f  sodium n i t r a t e  s o l u t i o n  and s u l  f u r i c  a c i d  s o l  u t i o n  t o  
100-ml vol  Unietr ic f l a s k s .  Water was n e x t  added i n  s t u d i e s  where a cons tan t  
volume was des i red .  J u s t  p r i o r  t o  immersion o f  t he  f l a s k  i n  t he  bath,  a 
p r e c i s e  vo l  urne o f  sodium 1 -naphthol  -4-su l  f ona te  s o l  u t i o n  was added. The 
f l a s k  was immediately stoppered, shaken, artd p laced  i n  t h e  ba th  a t  t he  
d e s i r e d  temperature.  A f t e r  t h e  a l l o t t e d  t ime  had passed, t h e  r eac t i ons  
were stopped w i t h  t h e  a d d i t i o n  o f  i c e  water .  The s o l u t i o r ~ s  were warmed t o  
room temperature and a f t e r  d i l u t i o n  t o  volume, a l i q u o t s  were taken. The 
a1 i q u o t s  were t r e a t e d  u n t i l  t hey  con ta ined  0.01 M sod iu~n  hydrox ide,  and 
- 
then  t h e i r  v i s i b l e  and u l t r a v i o l e t  s p e c t r a  were recorded. 
a. The system was s t u d i e d  i n  2.5 s u l f u r i c  a c i d  a t  81 O C  f o r  10 t o  
35 minutes.  Stock s o l u t i o n s  o f  0.2000 M sodium n i t r a t e  i n  2.5 M s u l f u r i c  
a c i d  and 0.2000 )1 sod l  urn 1-naphthol  -4-su l  for la te  i n  2.5 M s u l  f u r i c  a c i d  
were used. 
b. Thesys temwas  s t u d i e d i n 7 . 3 ~ a n d 8 . 2 M s u l f u r i c a c i d a t 6 0 ° C  
f o r  3 t o  5 hours.  Stock s o l u t i o n s  o f  0.1000 - M sodiurn n i t r a t e ,  0.1000 M 
sodiurn 1-naphtho l -4-su l  fona te  and e i t h e r  7.4 o r  8.3 s u l  f u r i c  a c i d  were 
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I V. RESULTS AND D1:SCUSSION 
P u r i f i e d  sod i  um 1-naphtho l -4-su l  f ona te  was c h a r a c t e r i z e d  as t h e  
monohydrate by o b t a i n i n g  a  n e u t r a l i z a t i o n  equ i va l en t ,  a  1  oss o f  w a t e r  and 
an e lementa l  ana l ys i s .  A  p o t e n t i o m e t r i c  ti t r a t i  on w i t h  aqueous sodium 
hydrox ide  (0.1249 N  w i t h  r e l .  s t d .  dev. 0.098 %, 3  t r i a l s )  gave an 
e q u i v a l e n t  we igh t  o f  274.6, t h e o r e t i c a l  264.2 f o r  t h e  monohydrate. The 
l o s s  o f  wa te r ,  determined by l o s s  i n  w e i g h t  on d r y i ng ,  was expe r imen ta l l y  
found t o  be 6.64 % i n  comparison t o  a  t h e o r e t i c a l  l o ss  o f  6.82 % f o r  t h e  
manohydrate. Anal .  Calcd. f o r  C10H704NaS: C, 45.42; H, 3.43; 0 ,  30.31 ; 
Na, 8.70; S,  12.13. Found: C, 45.45; H, 3.26; 0 ,  30.38 ( b y  d i f f e r e n c e ) ;  
Na, 8.80; S, 12.11. 
I n f r a r e d  s p e c t r a  o f  t h e  po tass i  um and sod i  um 1  -naphtho l  -4-su l  fonates 
were recorded and a re  presented i n  F igures 2  and 3. Both s p e c t r a  con ta ined  
t h e  s t r o n g  s u l  f o n i c  a c i d  abso rp t i on  bands between 1260 - 1150 cm" f o r  asym- 
m e t r i c - s t r e t c h i n g  v i b r a t i o n s  and between 1080 - 1100 cm-1 f o r  symmetric- 
s t r e t c h i n g  v i b r a t i o n s  o f  t he  -S02- f u n c t i o n a l  group, which accord ing  t o  
Nakanish i  a re  t he  same f o r  t h e  s a l  t s  o f  s u l  f o n i  c  ac ids  (18)  . 
The u l  t r a v i o l  e t  spectrum o f  sod i  um 1-naphtho l -4-su l  fona te  d i s s o l  ved 
i n  95 % e thanol  was ob ta ined .  The resu l  t s  were compared t o  the  s p e c t r a l  
da ta  r e p o r t e d  by Dagl i s h  (19) .  The exper imenta l  l y  o b t a i  ned va l  ues f o r  
loglO~ o f  4.64, 3.95 and 3.69, a t  wavelength maxima o f  230.7, 295 and 320 
mu, r e s p e c t i v e l y ,  were g r e a t e r  than t h e  repo r t ed  valhes f o r  l o g  E o f  4.50, 10 
3.85 and 3.64, a t  wavelength maxima o f  234, 300 and 320 mu, r e s p e c t i v e l y .  
A  con~p le te  t a b u l a t i o n  o f  t he  exper imenta l  and l i t e r a t u r e  values i s  pre- 
sented i n  Tab le  3. 
The r e a c t i o n  o f  1-naphtho l -4-su l  fon i  c  a c i d  w i t h  n i  t r a t e  was s t u d i e d  
under t he  cond i t i ons  r epo r t ed  by  Maki t i e  (exper iment  2 ) .  Dry n i t r a t e  
WAVELENGTH (MICRONS) 
Figure  2. I n f r a r e d  spectrum o f  po tass i  um 1-naphthol-4-sul fonate, potassium bromide pe l1  e t  








samples were reac ted  w i t h  po tass i  um 1-naphthol-4-sul  f ona te  i n  2.5 - M 
su l  f u r i c  a c i d  a t  room cond i t i ons .  The u l  t r a v i o l e t  spec t ra  o f  t he  
d i l u t e d  r e a c t i o n  mix tu res ,  i n  e i t h e r  a c i d i c  o r  b a s i c  s o l u t i o n ,  were 
i d e n t i c a l  i n  appearance t o  t he  spec t ra  o f  t h e  reagent,  po tass i  um 1  -naphthol  - 
4-sul fonate.  Molar  a b s o r p t i v i t y  values f o r  t he  r e a c t i o n  mix tu res  were 
approx imate ly  t h e  same as those f o r  t he  reagent  and t h e r e f o r e  i n d i c a t e d  
1  i t t l e  n i t r a t i o n ,  i f  any occurred. S ince  no r e a c t i o n  was de tec ted  under 
the  sub jec ted  cond i t i ons ,  t he  smal l  d i f f e r e n c e s  between the  mo la r  absorb- 
t i v i t y  values f o r  t h e  r e a c t i o n  spec t ra  and those f o r  t he  reagent  were 
presurrlably due t o  reagent  decornposi ti on. The c h a r a c t e r i s  t i c s  o f  t h e  
u l t r a v i o l e t  spec t ra  f o r  potassiulr l  1-naphthol -4-su l fonate and t h e  r e a c t i o n  
s o l u t i o n s  have been presented i n  Table 4. 
Severa l  r e a c t i o n  mix tu res  were heated w i t h  e i t h e r  steam cones o r  h o t  
p l a t e s  i n  an e f f o r t  t o  f a c i l i t a t e  t h e  r e a c t i o n .  A t  s p e c i f i c  a c i d  con- 
c e n t r a t i o n s  depending upon t h e  r a t e  o f  evapora t ion  and temperature, the  
r e a c t i o n  mix tu res  changed f rom c o l o r l e s s  t o  orange and f i n a l l y  t o  a  deep 
red.  E i t h e r  cont inued h e a t i n g  o r  d i l u t i o n  w i t h  water,  r e v e r t e d  t h e  r e d  
co lo red  n i t r a t i o n  s o l u t i o n  t o  orange. Dur ing the  t ime t h a t  t he  r e d  c o l o r  
was p resen t  i n  t h e  r e a c t i o n  mix tu re ,  a  brown p r e c i p i t a t e  was formed. 
The r e a c t i o n  i n  one s o l u t i o n  was stopped a t  the  f i r s t  appearance o f  
r e d  c o l o r  by d i l u t i o n  w i t h  i c e - c o l d  water .  The v i s i b l e  and u l t r a v i o l e t  
spec t ra  o f  a l i q u o t s  d i l u t e d  i n  a c i d i c  o r  b a s i c  s o l u t i o n  were recorded and 
t h e i r  s p e c t r a l  c h a r a c t e r i s t i c s  have been presented i n  Table 5, as the  
" d i l  u t ed  r e d  n i t r a t i o n  r e a c t i o n  mix tu re .  " The spec t ra  were s i m i l  a r  i n  
appearance and i n  t h e  p o s i t i o n  o f  t he  wavelength maximum w i t h  t he  spec t ra  
of 2-ni  t ro-1-naphthol -4-su l  f o n i c  ac id ,  f o r  which the  s p e c t r a l  c h a r a c t e r i s t i c s  
have a l so  been presented i n  Table 5. A  ma jo r  d i f f e r e n c e  between t he  two 

Table 5. U l t r a v i o l e t  and Vis ib le  Absorption Spect ra l  Data 
D i  1 uted red 2-Nitro-1- 
n i t r a t i o n  naphthol -4- B row n 2,4-Dini tro-1- 
r eac t ion  mixture su l  fonic  acid1 p r e c i p i t a t e  . naphthol 
lVal ues from reference 5. 
2S01utions i n  0.01 - M pe rch lo r i c  ac id .  
3Solutions i n  0.01 M sodium hydroxide. 
4Es timated shoul d e r p e a k  on spectrum. 
was a Amax a t  255 rnp i n  t h e  spectrum o f  t he  n i  t r a t i o n  r e a c t i o n  i n  a c i d i c  
media, b u t  absent i n  t h e  spectrum o f  2-ni  t r o - 1  -naphthol  -4-su l  f ona te  anion. 
A l s o y  a Amax a t  270 mp i n  spectrum o f  2-ni  t r o - 1  -naphthol  -4-su l  fonate anion 
was p resen t  as a smal l  shou lder  peak i n  t h e  r e a c t i o n  m i x t u r e  spectrum. The 
spectrum of t he  n i t r a t i o n  s o l u t i o n  i n  b a s i c  s o l u t i o n  con ta ined  a Amax a t  
266 mp t h a t  was absent i n  t he  spectrum o f  2-ni  t ro-1-naphtholate-4-su l  f ona te  
d i  an i  on. 
The resemblance i n  t he  spec t ra  of  t he  r e a c t i o n  s o l  u t i o n  w i t h  t he  
spec t ra  o f  2-ni  t r o - 1  -naphthol  -4-sul  f o n i  c  a c i d  i n d i c a t e d  t h a t  t h i s  species 
was a p roduc t  i n  t h e  repo r ted  n i t r a t i o n  system, b u t  was n o t  formed under 
t he  proposed cond i t i ons  o f  2.5 - M s u l f u r i c  a c i d  a t  room temperature.  Also, 
t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t he  r e a c t i o n  m ix tu re  i n d i c a t e d  2-ni  t ro -1 -  
naphthol -4-su l  f o n i c  a c i d  was n o t  t he  o n l y  p roduc t  formed, b u t  t h a t  severa l  
spec ies were formed under t h e  n i t r a t i o n  cond i t i ons  used. 
The brown p r e c i p i t a t e ,  which formed d u r i n g  the  n i t r a t i o n  reac t i on ,  was 
c o l l e c t e d  and a i r  d r i e d  a t  room temperature. The m a t e r i a l ,  which me1 t e d  a t  
126-1 28 O C ,  was i d e n t i f i e d  as 2,4-dini  t ro-1-naphthol  . Sub1 i m a t i o n  o f  t he  
brown m a t e r i a l  y i e l d e d  long ,  b r i gh t - ye1  low need1 es , which me1 t e d  sha rp l y  a t  
135-136 O C .  Davis (20) i n  1922, r epo r ted  a m e l t i n g  p o i n t  o f  138 O C  f o r  
2,4- d i  n i  t r o - 1  -naphthol . M i  xed me1 ti ng po i  n t s  w i  t h  commerci a1 1 y avai  1  abl  e  
2,4-dini  t ro-1-naphthol  , rnp 133-1 34 O C ,  occurred a t  134-1 35 O C .  
The u l t r a v i o l e t  and v i s i b l e  spec t ra  o f  t h e  brown ma te r i a l  d i sso l ved  i n  
a c i d i c  o r  b a s i c  s o l u t i o n  were analogous t o  t he  spec t ra  o f  2 ,4-d in i t ro-1-  
naphtt-101 found by Abercrombie (5 ) ,  The s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  
s o l u t i o n s  c o n t a i n i n g  t he  brown p r e c i p i t a t e  and t he  l i t e r a t u r e  values f o r  
2,4-dini  t r o - 1  -naphthol  have been presented i n  Tab1 e 5 f o r  comparison. The 
spectrum o f  t he  p r e c i p i t a t e  d i sso l ved  i n  a c i d i c  s o l u t i o n  conta ined Amax 
a t  209, 250, 299 and 367 mu t h a t  were s i m i l a r  t o  hmaX a t  21 2, 252, 300 
and 375 mu va l  ues repo r ted  f o r  2,4-din-i t ro -1 -naphtho l  . The spectrurn o f  
2,4-dini  t r o - 1  -naphthol  a t e  anion con ta ined  a  hmax a t  278 rnp t h a t  was 
absent i n  t h e  spectrum o f  t he  p r e c i p i t a t e  d i s s o l v e d  i n  b a s i c  s o l  u t i o n .  
Both spec t ra  conta ined i d e n t i  ca l  hmax va l  ues a t  259, 391 and 434 mu. 
An i n f r a r e d  spectrum o f  t he  sub l imate  was i d e n t i c a l  t o  t he  spectrum 
o f  sub1 imed corr~rr~erci a1l y  avai  1  ab le  2,4-di n i  t r o - 1  -naphthol  , as we1 1  as t o  
t he  spectrum o f  2,4-dini  t ro-1-naphthol  r epo r ted  by Abercrombie ( 5 ) .  The 
two s t r o n g e s t  abso rp t i on  bands were a t  1590 cm-I and 1365 cm-l, which 
accord ing t o  Nakanish i  (18) ,  a re  c h a r a c t e r i s t i c  f o r  t he  n i t r o  group and 
are t h e  r e s u l t  o f  asymmetri c-s t r e t c h i  ng v i b r a t i o n s  o f  -NO2 f o r  abso rp t i  ons 
between 1650-1 500 cm-1 and symmet r i c -s t re tch i  ng v i b r a t i o n s  of  -NO2 f o r  
abso rp t i  ons between 1370-1 250 ern-l . 
The i n t e n s e  red  c o l o r ,  which developed w i  t h i  r~  t he  r e a c t i o n  rn ix ture,  
was produced by a  spec ies formed i n  t h e  n i  t r a t i o n  o f  1  -naphthol  -4-su l  f o n i  c  
a c i d  i n  s u l f u r i c  a c i d  (exper iment  3) .  The o n l y  combinat ion o f  r eac tan t s ,  
t h a t  produced a  red  c o l o r  s i m i l a r  t o  t h e  one observed i n  t he  n i t r a t i o n  
system, cons i s ted  o f  n i t r a t e ,  reagent  a r ~ d  s u l f u r i c  ac i d .  N i t r a t i o n  d i d  
n o t  occur  i n  t he  absence of  s u l f u r i c  a c i d  a t  e l eva ted  temperatures. 
The e f f ec t  o f  s u l f u r i c  a c i d  concen t ra t i on  on t he  f o rma t i on  and s t a b i l i t y  
o f  2 -n i t ro -1 -naphtho l -4 -su l fon ic  a c i d  was s t u d i e d  a t  91 O C ,  f o r  a  1  hour  
r e a c t i o n  t ime  (exper iment  4). The p e r t i n e n t  r e s u l t s  a re  g raph ica l  l y  pre- 
sen ted  i n  F igure  4. The curves represen t  t he  absorbance o f  t he  d i l u t e d  
r e a c t i o n  m i x t u r e  vs. t h e  rnolar concen t ra t i on  o f  s u l f u r i c  a c i d  i n  t he  r e a c t i n g  
system. The fo r rna t io r~  o f  2-n i  tro-1-naph tho1 -4-su l  f o n i  c  a c i d  was f o l l owed  
by  an inc rease  i rl absorbance a t  264 rrlu o r  270 mu, which a re  absorbance 
maxima f o r  s o l u t i o r ~ s  o f  t h i s  species i n  b a s i c  o r  a c i d i c  media, r e s p e c t i v e l y ,  

o r  by a  decrease i n  absorbance a t  226 mp o r  247 mu, which a r e  absorbance 
maxima f o r  t h e  reagent  i n  a c i d i c  o r  bas- ic s o l u t i o n ,  r e s p e c t i v e l y .  As t h e  
a c i d  concen t ra t i on  o f  the  r e a c t i o n  m ix tu re  increased,  t he  inc rease  i n  
absorbance a t  270 and 264 mu f o r  s o l u t i o n s  i n  a c i d i c  and b a s i c  media, 
r e s p e c t i v e l y ,  and the  decrease i n  absorbance a t  226 and 247 mu f o r  s o l  u- 
t i o n s  i n  a c i d i c  and b a s i c  media, r e s p e c t i v e l y ,  i n d i c a t e d  n i t r a t i o n  pro- 
ceeded i n  7  - M s u l f u r i c  a c i d  o r  g rea te r .  The s p e c t r a l  shape and p o s i t i o n  
o f  wavelength maxirnurn, f o r  t he  s o l u t i o n s  reac ted  i n  7  - M s u l f u r i c  a c i d  o r  
g rea te r ,  i n d i c a t e d  t h a t  no s i n g l e  species was p resen t ,  b u t  a  m ix tu re  o f  
products  were forrrled. Below 7  - F.'l s u l  f u r i c  ac id ,  t h e  amount o f  n i t r a t i o n  
which occur red  was n e g l i g i b l e .  The v i s i b l e  and u l t r a v i o l e t  s p e c t r a  o f  
these s o l  u t i o r ~ s  were s i m i l a r  t o  t he  spectrum o f  t he  reagent  i n  an a c i d  
b l ank  run  w i t h o u t  n i t r a t e .  
The e f f e c t  o f  t ime  on t he  r l i t r a t i o r ~  o f  1-naphthol -4-su l  f o n i  c  a c i d  was 
s t u d i e d  i n  var ious  s u l f u r i c  a c i d  co r~cen t ra t i ons  and r e a c t i o n  temperatures 
(exper iment  5) . The n i t r a t i o n  o f  1  -naphthol  -4-su l  f o n i  c  a c i d  was c a r r i e d  
o u t  i n  2.5 - M s u l f u r i c  a c i d  a t  81 O C  ove r  a  t ime range o f  10 t o  35 minutes. 
V i s i b l e  i nspec t ion  o f  t h e  r e a c t i o n  rr l ixtures de tec ted  no c o l o r  changes. 
The v i s i b l e  and u l t r a v i o l e t  spec t ra  o f  t h e  d i l u t e d  r e a c t i o n  mix tu res  were 
i d e n t i c a l  t o  one another  arld s i r n i l a r  t o  t h e  spec t ra  o f  1-naphthol-4-sul  f o n i c  
ac id .  The absence o f  absorbance i n  t h e  spec t ra  o f  t h e  r e a c t i o n  s o l u t i o n s ,  
o t h e r  than those by t h e  reagen t , i nd i ca ted  n i t r a t i o n  d l d  n o t  occur .  
The n i t r a t i o n  o f  1 -naphtho l -4 -su l fon ic  a c i d  was c a r r i e d  o u t  i n  7.4 M 
and 8.3 fj s u l f u r i c  a c i d  a t  60 O C  over  a  t irne range o f  3  t o  5 hours.  As 
i n  t h e  preceeding s tudy,  no c o l o r  changes were observed i n  t h e  r e a c t i o n  
mix tu res .  The v i s i b l e  and u l t r a v i o l e t  spec t ra  o f  t h e  d i l  u t ed  r e a c t i o n  
mix tu res  i n  a c i d i c  rnedia were i d e n t i c a l  t o  one another  and s i m i l a r  t o  t h e  
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Figure 5 .  The formation and s tab i  1 i t y  o f  2-ni t ro-1  -naphthol -4-sul fon ic  acid as a funct ion o f  
t ime a t  79 "C 
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Figure  6. The fo rmat ion  and s t a b i l  i ty o f  2-ni  t ro-1-naphthol-4-sul  f o n i c  a c i d  as a f u n c t i o n  
of t ime a t  95 "C 
s tudy  a t  79 "C, t h e  progress o f  t h e  n i t r a t i o n  r e a c t i o n  was f o l l owed  by  an 
i nc rease  i n  absorbance a t  270 mu, a  maximum f o r  2 -n i t r o -1 -naph tho l -4 - su l f on i c  
a c i d  and a  minimum f o r  1  -naphtho l -4-su l  f o n i  c  ac id .  Maximum produc t  was 
formed w i t h i n  20 minutes.  The decreas ing curve f o r  absorbance a t  220 mu 
i n d i c a t e d  t h e r e  was more t han  2 -n i  t ro -1 -naph tho l -4 -su l  f o n i  c  a c i d  forming.  
Both 2 - n i t r o - 1  -naphtho l -4-su l  f o n i  c  a c i d  and 1-naphtho l -4-su l  f o n i  c  a c i d  
have molar  a b s o r b t i v i  ty values approx imate ly  t he  same i n  magnitude. I f  2- 
n i  t r o - 1  -naph tho1 -4-s u l  f o n i  c  a c i d  was t he  o n l y  p roduc t  formed, t h e r e  woul d  
n o t  be a  decrease i n  absorbance b u t  t h e  curve would be  a lmost  p a r a l l e l  t o  
t h e  abscissa. 
The i n c r e a s i n g  curve  f o r  absorbance a t  390 mu was a  p o i n t  p i cked  a t  
random t o  i l l u s t r a t e  a  f a m i l i a r  phenomenon. T h i s  was n o t  a  maximum f o r  any 
o f  t he  cons idered p roduc ts .  A s i m i l a r  cu rve  woul d  be ob ta ined  f rom p o i n t s  
chosen w i t h i n  50 mu e i t h e r  s i d e .  Th i s  cu rve  was presented t o  show t h a t  
w i t h  i n c r e a s i n g  t ime  the  spec t ra  l o s t  a l l  peak c h a r a c t e r i s t i c s  and forrned 
a  c o n t i  nuous 1  i ne wh i ch may i nd i  c a t e  decomposi ti on. 
The n i t r a t i o n  o f  1-naphthol-4-sul  f o n i c  a c i d  was c a r r i e d  o u t  i n  con- 
cen t ra ted  s u l f u r i c  a c i d  a t  room temperature f o r  5  and 15 minutes.  The 
v i s i b l e  and u l  t r a v i o l e t  spec t ra  o f  t h e  d i l  r ~ t e d  r e a c t i o n  m i x tu res  i n d i c a t e d  
n i t r a t i o n  occur red  i n  bo th  s o l  u t i ons  . Both spec t ra  con ta ined  absorbance 
maxima a t  221, 295, and 325 mu. The i nc rease  i n  r e a c t i o n  t ime  f rom 5  t o  15 
minutes s h i f t e d  hmaX from, 269 mu t o  274 mu and f r o m  374 mu t o  372 mu. 
T h i s  observed s h i f t  o f  t h e  absorbance maxima w i t h  inc reased  r e a c t i o n  t i r r ~ e  
i n d i c a t e d  the  p roduc t  f i  rs t formed was ma in ly  2-n i  t ro -1 -naph tho l -4 -su l  f on i c  
a c i d  and as t ime  inc reased  2,4-dini  t r o - 1  -naphthol, a1 ong w i t h  o t h e r  products, 
was formed. 
A summary o f  t h e  s t u d i e s  on t h e  r e a c t i o n  o f  1 -naph tho l -4 -su l fon ic  a c i d  
w i t h  n i t r a t e  under v a r i e d  s u l  f u r i  c  a c i d  concen t ra t ions  , temperatures and 
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Chapter 3 
SODIUM 2-NITROSD-1-NAPHTHOL-5-SULFONATE AS A 
REAGENT FOR COBALT I N  WATER 
Gary D. Car lson* and A1 b e r t  L. Caskey 
I. INTRODUCTION 
The f i r s t ,  recorded, man-made o b j e c t  c o n t a i n i n g  c o b a l t  dates back t o  
1400 BC ( 1 ) .  Th is  was a deep-blue, g lass s tone which was d iscovered  i n  
N i  ppur, Mesopotamia. Subsequent a n a l y s i s  r evea led  t h a t  t h e  o b j e c t  con ta ined  
0.93 % cobal  tous  ox ide .  - 
Much l a t e r ,  d u r i n g  t h e  e a r l y  p a r t  o f  t he  s i x t e e n t h  century ,  appar- 
e n t l y  wo r t h l ess  o re  was found i n  t h e  mines o f  Saxony. To t h e  extreme d i s -  
p leasure o f  the  miners,  i t  gave of f  fumes o f  a rsen ic ,  and when roasted,  
f a i l e d  t o  y i e l d  copper. As a r e s u l t ,  t h e  m a t e r i a l  was c a l l e d  "kobo1 d," 
a f t e r  a gnome who supposedly caused t h e  miners t r o u b l e .  
It wasn ' t  u n t i l  a cen tu r y  l a t e r  t h a t  c o b a l t  chemis t ry  and m e t a l l u r g y  
a c t u a l l y  began. I n  1742, Brand t  ( 2 )  was a b l e  t o  separate  a new m e t a l l i c  
* Cur ren t  address: A i r  P o l l u t i o n  Laboratory ,  St .  Lou is  County Hea l t h  
Department, 801 South Brentwood, S t .  Louis,  M issour i  63144. 
element f rom kobo ld  o re  by f i r e  assay. He ca l  l e d  t he  new element " coba l t , "  
a f t e r  t h e  pa ren t  m ine ra l .  La te r ,  i n  1780, Bergman (3 )  ob ta i ned  c o b a l t  f rom 
b lue ,  c o b a l t  g l ass .  
The impo r tan t  c o b a l t  m inera ls  a r e  s u l f i d e s ,  arsenides,  s u l  f oa r sen i  des, 
and o x i d i z e d  m ine ra l s .  The Republ ic of t he  Congo i s  by f a r  t h e  c h i e f  
s u p p l i e r ,  where t h e  main m inera l  mined i s  c a r r o l l i t e  (CuCo2S4). The main 
c o b a l t  arsen ides t h a t  a re  mined i n  Canada, t h e  Un i t ed  S ta tes  and Morocco 
a re  smal ti t e  and s a f f l o r i  t e  (CoAs2) and s k u t t e r u d i  t e  (CoAs3), a l ong  w i t h  
t h e  s u l  f o -a r sen i  de, cobal ti t e  (CoAsS) . Heterogeni  t e  (Co0.2C0203'6H20) and , 
a b s o l i  t e  (Co0.2Mn02'4H20) a re  among the  o x i d i z e d  c o b a l t  m inera ls .  
P r i o r  t o  World War I ,  n e a r l y  a l l  c o b a l t  consumed was i n  t h e  ox ide  
form. Th is  i s  because i t  was ma in ly  used as a  g laze  and c o l o r i n g  agent 
on p o t t e r y ,  p o r c e l a i n ,  china, and g lass ( 4 ) .  The development o f  methods 
t o  produce t h e  metal  was l a r g e l y  due t o  t h e  acce le ra ted  i n t e r e s t  i n  f e r r o u s -  
a l l o y i n g  meta ls  d u r i n g  t h e  war. A f t e r  t h e  war, demand f o r  the  metal  s tead-  
i 1  y  increased.  
The w o r l d  p roduc t i on  o f  c o b a l t  i n  1965 was 17,000 s h o r t  tons (5 ) ,  
o f  which 6183 s h o r t  tons  were consumed by t h e  Un i t ed  S ta tes .  The two 
l e a d i n g  uses a r e  i n  t h e  p roduc t i on  o f  magnet m a t e r i a l s  and h igh- temperature 
a l l o y s .  Permanent magnets con ta i n  3-36 % c o b a l t  ( 6 ) ,  w h i l e  t h e  con ten t  o f  
h i gh - s t r eng th ,  h igh- temperature a l l o y s  i s  commonly 10-66 %. About 78 % o f  
t h e  1965 annual consumption i n  t h e  U n i t e d  S ta tes  was f o r  m e t a l l i c  purposes. 
Cobaltous s u l f a t e  i s  used by t h e  ceramics i n d u s t r y  as a  c l a y  deco lo r -  
i zer ,  w h i l e  cobal  tous ox ide  i s  used f o r  b l u e i n g  g lass.  Organic s a l t s  o f  
c o b a l t  a re  used as d r i e r s  i n  pa in t s ,  i n k s ,  and varn ishes.  Cobal t  i s  used 
as a  c a t a l y s t  i n  pe t ro leum processes, and i s  added t o  f e r t i l i z e r s  and feeds 
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The c o l o r i m e t r i c  reagen t  whi ch c u r r e n t l y  en j o y s  the  w i d e s t  p o p u l a r i t y  
f o r  t h e  d e t e r m i n a t i o n  o f  c o b a l t  i s  n i  t roso-R-sa l  t (7,9).  Other  we1 1-known 
reagen ts  a r e  2 -n i  tr-oso-1 -naphthol  , 1  - n i  troso-Z-naphthol , ammoni um t h i  ocyanate, 
2 - n i  t roso-1 -naph tho l -4 -su l  f o n i c  ac id ,  and 1 -(2-pyridy1azo)-2-naphthol ( P A N ) .  
I n  1960, M o s s o t t i  (10) i nves ti gated a  new compound, sodium 2 - n i  t r o s o -  
1-naphtho l  -5 -su l  fona te  ( I )  - as a  s p e c i f i c  reagen t  f o r  c o b a l t .  A d d i t i o n a l  
work w i t h  ( I )  - was done by G o l - i g h t l y  (7 )  and Rigdon, ~;t.  d., ( 1  1 ) .  
Sodi um 2 -n i  t roso-1 -naph tho l -5 -su l  f o n a t e  i s  e a s i l y  p repared  and pur -  
i f i e d  and forms s o l u t i o n s  t h a t  a r e  s t a b l e  f o r  l o n g  p e r i o d s  o f  t i m e  ( 7 ) .  
The i n t e n s e ,  w a t e r - s o l u b l e  c o b a l t  complex i s  s t a b l e  i n  a c i d  media w h i l e  
complexes formed by o t h e r  meta l1  i c  i o n s  a r e  n o t  (1  1  ) .  On t h e  b a s i s  o f  
t h i s  i n f o r m a t i o n ,  i t  seemed w o r t h w h i l e  t o  s tudy  (I) - as a  p ~ s s i b l e  reagen t  
f o r  t h e  spec t ropho tomet r i c  d e t e r m i n a t i o n  o f  c o b a l t  i n  n a t u r a l  waters .  
11. H1:STORICAL REVIEW 
For  t h e  v a s t  m a j o r i t y  o f  c o b a l t  samples, t h e  s e l e c t i o n  o f  a  
spec t ropho tomet r i c  method can be made f ror r~ amrnoni um t h i  ocyanate, n i  t r o s o -  
R-sal t , o r  2-n i  t r oso -1  -naphthol  (9 ) .  Excel l e n t  rev iews o f  these procedures 
a r e  a v a i l a b l e  by Young (9 ) ,  G o l i g h t l y  ( 7 ) ,  and Banks (12);  t h e r e f o r e ,  o n l y  
a  b r i e f  d i s cuss ion  o f  some impo r tan t  aspects w i l l  be presented here.  
The c l a s s i c a l  t h i ocyana te  method i s  n o t  ve ry  s e n s i t i v e  i n  aqueous 
s o l u t i o n  ( 3 ) ,  and s teps t o  inc rease  t h e  c o l o r  i n t e n s i t y  i n v o l v e  e x t r a c t i o n  
o f  t h e  aqueous s o l u t i o n  wi t h  o rgan i c  s o l  vents  and subsequent measurement 
o f  the  absorbance i n  t h e  u l t r a v i o l e t  r e g i o n  (12, 13) .  The system conforms 
t o  Beer ' s  law between t h e  range 0.2 t o  10 ppm c o b a l t .  D ive rse  i o n  s t u d i e s  
revea led  t h a t  a  h o s t  o f  i o n s  p resen t  se r i ous  i n t e r f e r e n c e s .  The pe rm iss i b l e  
amount o f  Cu( I1)  i s  10 ppm, and o n l y  5 ppm N i ( I 1 )  can be t o l e r a t e d .  
The complex formed between 2 -n i t roso-1 -naph tho l  and c o b a l t  i s  t h e  
bas i s  f o r  an a n a l y t i c a l ,  c o l o r i m e t r i c  method which has been a p p l i e d  t o  
many m a t e r i a l s  (14) .  Once t h e  complex w i t h  c o b a l t  has been formed and 
e x t r a c t e d  i n t o  an o rgan i c  so l ven t ,  i t  i s  s t a b l e  t o  moderate concen t ra t i ons  
o f  ac i ds  and a1 k a l  i e s ,  w h i l e  i r o n ,  copper and o t h e r  metal  1  i c  complexes 
a re  n o t .  I n t e r f e r e n c e  f rom these meta ls  can t h e r e f o r e  be e l i m i n a t e d  by 
washing t h e  o rgan ic  phase w i t h  h y d r o c h l o r i c  a c i d  and sodium hydrox ide.  The 
method i s  a p p l i c a b l e  t o  c o b a l t  concen t ra t i on  i n  t he  0.01-6 ppm range (15) .  
The reagen t  i s  somewhat s u p e r i o r  t o  t he  more popu la r  isomer, l - n i t r o s o -  
2-naphtho l ,  as i t  i s  ob ta i nab le  i n  a  more pure forrn, t h e  c o l o r  o f  t h e  
c o b a l t  complex i s  more i n t ense ,  and i t  can be rrlore e f f i c i e n t l y  e x t r a c t e d  
f rom water .  
There i s  l i t t l e  doubt t h a t  t h e  most popu la r  spec t ropho tomet r i c  method 
f o r  t h e  de te rm ina t i on  o f  c o b a l t  i s  based on t h e  use o f  n i t r o s o - R - s a l t  
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The b l u e  c o b a l t  th iocyana te  complex was e x t r a c t e d  i n t o  methyl  -,tho-butyl 
ketone and the  absorbance measured a t  620 mp. Copper( I1) and i r o n ( I I 1 )  
were found t o  cause t he  most se r i ous  i n t e r f e r e n c e  t o  the  method. Copper 
was removed by s u l f i t e  r educ t i on  t o  t he  cuprous s t a t e  and p r e c i p i t a t i o n  
as cuprous i o d i d e .  I r o n  was p r e c i p i t a t e d  as f e r r i c  chromate. The method 
was r e p o r t e d  t o  be a p p l i c a b l e  i n  t he  0.3-10 ppm c o b a l t  concen t ra t i on  range. 
F o r s t e r  and Z e i t l i n  (23) developed a  m o d i f i e d  n i t roso-R-procedure 
based on e a r l i e r  work by Thompson and Leavastu (25) t o  determine c o b a l t  
i n  sea water .  I n  t h i s  m o d i f i e d  method, i t  was necessary t o  concen t ra te  
c o b a l t  t o  a  measurable 1  i m i  t by p r e c i p i t a t i o n  as the  carbonate f rom a  l a r g e  
volume o f  sample. The p r e c i p i t a t e  was aged f o r  a  minimum o f  seven days i n  
o r d e r  t o  r e a l i z e  q u a n t i t a t i v e  r e s u l t s .  A f t e r  f i l t r a t i o n  and d i s s o l u t i o n  
o f  t he  p r e c i p i t a t e ,  c o b a l t  was separated f rom o t h e r  d i s s o l v e d  i o n s  by a  
r a t h e r  t ed i ous  e x t r a c t i o n  procedure u s i n g  d i th imone i n  carbon t e t r a c h l o r i d e  
A  p r e v i o u s l y  unrepor ted " s a l t  e f f e c t "  was d iscovered  which was de f i ned  as: 
" t he  r a t i o  o f  the absorbance i n  d i s t i l l e d  wa te r  t o  t h a t  i n  sea water ,  which 
w i l l  always be g r e a t e r  than u n i t y . "  The s a l t  e f f e c t  i s  a  r e s u l t  o f  m a t r i x  
m a t e r i a l s  i n  sea water,  such as sodium c h l o r i d e .  Co r rec t i on  was made by 
c o n s t r u c t i n g  the  c a l i b r a t i o n  curve f rom sea wate r  sp iked  w i t h  c o b a l t  o r  
by us i ng  a  c o r r e c t i o n  f a c t o r  w i t h  d i s t i l  l e d  wa te r  standards.  Through 
c a r e f u l  c o n t r o l  o f  pH, b o i l i n g  t ime,  development t ime  o f  complex, and con- 
d i t i o n s  r e l a t e d  t o  t he  d e s t r u c t i o n  o f  excess reagent,  i t  was p o s s i b l e  t o  
determine 0.5 ppb c o b a l t  i n  sea wate r  w i t h  a  1-2 % r e l a t i v e  s tandard  de- 
v i a t i o n  and an accuracy o f  3.0 %. 
I n  a  l a t e r  paper s t udy ing  the  s a l t  e f f e c t ,  F o r s t e r  and Z e i t l i n  (26) 
found a  32 % d i f f e r e n c e  i n  cobal t recovery  between samples o f  d i s t i  1  l e d  
wa te r  and sea water .  Us ing coba l t - 60  t r a c e r ,  they  a t t r i b u t e d  a  l o s s  o f  
18.2 % c o b a l t  t o  incomple te  p r e c i p i t a t i o n  as t h e  carbonate d u r i n g  t he  con- 
c e n t r a t i o n  s tep .  A 10 % l o s s  was accorded t he  e x t r a c t i o n  s tep,  w h i l e  3 % 
was due t o  t h e  c o l o r  development procedure.  Only 0.8 % was l o s t  d u r i n g  
f i  1 t r a t i o n .  
R i  1  ey and Topping (27) used 5,7-di bromo-8-hydroxyqui no1 i n e  t o  con- 
c e n t r a t e  t r a c e  elements f rom sea water .  They d i sso l ved  t h e  p r e c i p i t a t e  
i n  n i t r i c  ac id ,  and separated t he  m e t a l l i c  i o n s  u s i n g  an anion-exchange 
r e s i n .  The f i  na l  measurement o f  c o b a l t  empl oyed n i  t roso-R-sa l  t. 
R i l e y  and Tay lo r  (28) s t u d i e d  the  use o f  c h e l a t i n g  r e s i n s  o f  t he  
i m i n o d i a c e t i c  a c i d  type.  A f t e r  concen t ra t i on ,  the  elements, i n c l u d i n g  
c o b a l t ,  cou ld  be determined by spect rophotometry  o r  o t h e r  techniques. 
B u r r e l  1  (29) used coprec i  p i  t a t i  or1 w i t h  i r o n ( I I 1 )  hydrox ide  t o  concen t ra te  
c o b a l t  f rom sea water .  
F r i  ed l  ander, e.X &. , (30) c la imed success i n  p repa r i ng  2 -n i  t r o s o - l -  
naphtho l  -5-su l  fon i  c  a c i d  by t rea tment  o f  t h e  z i n c  s a l t  o f  1  -naphthol  -5- 
s u l f o n i c  a c i d  w i t h  n i t r i t e .  Near ly  40 years  l a t e r ,  Bogdanov (31)  mentioned 
t h e  p r e p a r a t i o n  of t he  ammoni um s a l t  o f  2 -n i  t r oso -1  -naphthol  -5-su l  f o n i  c  
a c i d  by t r e a t i n g  1,2,5-naphthalene-diami ne s u l  f o r ~ i  c  a c i d  w i t h  hyd roxy l -  
ammonium c h l o r i d e  i n  an a c i d  s o l u t i o n .  
Mosso t t i  (10) found n i  t r o s o l a t i o n  o f  1-naphtho l -5-su l  f o n i c  a c i d  a t  
0-5 OC t o  be t he  most convenient  means o f  p repa r i ng  sodium 2 - n i t r o s o - l -  
naphtho l  -5-su l  fona te .  Recrys ta l  li z a t i o n  f rom d i  1  Ute h y d r o c h l o r i c  a c i d  
s o l u t i o n  y i e l d e d  long,  y e l l o w  needles o f  t h e  pure s a l t .  The s o l i d  hydra te  
was n o t  hygroscopic  and was s l i g h t l y  s o l u b l e  i n  e thano l  and i n s o l u b l e  i n  
d i e t h y l  e t he r .  
The compound and i t s  water  s o l u t i o n  were found t o  be s t a b l e .  I n  
n e u t r a l  and b a s i c  s o l u t i o n s ,  t h e  in tense- red ,  wa te r -so l  ub le ,  c o b a l t  corr~plex 
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I I I. EXPERIMENTAL 
A. Reagents 
Reagent-grade chemica ls  were used whenever t h e y  were commerc ia l l y  
a v a i l a b l e .  T a b l e  1  l i s t s  a l l  commercial compounds used and i n c l u d e s  i n f o r -  
r r ~ a t i o n  r e g a r d i n g  t h e i r  sou rce .  T a b l e  2  c o n t a i n s  d e t a i l s  f o r  t h e  p repara -  
t i o n  o f  most o f  t h e  s o l u t i o n s  wh ich  were used, p a r t i c u l a r l y  t hose  used i n  
t h e  i n t e r f e r e n c e  s t u d i e s .  
Sodi  um 2 - n i  t r o s o - 1  -naphtho l  -5 -su l  f o n a t e  was n o t  commerci a1 l y  ava i  l- 
a b l e  and was p repared  b y  n i  t r o s o l  a t i o n  o f  1  -naph tho l  - 5 - s u l  f o n i  c  a c i d ,  
s o d i  um s a l t ,  a c c o r d i n g  t o  t h e  method o f  M o s s o t t i  ( 10 ) .  Sodium l - n a p h t h o l -  
5 -su l  f ona te  was d i  s s o l  ved i n  a  v e r y  s l  i g h t l y  a1 k a l  i ne s o l u t i o n  wh ich  was 
c o o l e d  t o  about  1  OC. An excess o f  sodium n i t r i t e  was added d u r i n g  con- 
s t a n t  s t i r r i r ~ g  o f  t h e  s o l ~ t i o n ,  f o l l o w e d  b y  dropwise a d d i t i o n  o f  a  s u f f i -  
c i e n t  q u a n t i t y  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  t o  make t h e  f i n a l  a c i d  
c o n c e n t r a t i o r ~  about  0.6 - M. The ye1 1  ow-green p r o d u c t  wh ich  separa ted  was 
c o l l e c t e d  b y  f i l t r a t i o n  and p u r i f i e d  by  r e c r y s t a l  l i z a t i o n  f r o m  10 % hy -  
d r o c h l o r i  c  a c i d  s o l u t i o n .  Darco 6-60 a c t i v a t e d  carbon was used as a  
d e c o l o r i z e r .  The f i n a l  s o l i d  p r o d u c t  was a i r - d r i e d  f o r  two days w i t h  
f i l t e r e d  a i r  wh ich  was drawn t h r o u g h  t h e  f i l t e r  cake. A  2.00 x  
- M 
s o l  u t i  on o f  s o d i  um 2 - n i  t r o s o - 1  -naph tho l  -5 -su l  f o n a t e  was p repared  by d i s -  
s o l v i n g  0.6405 g  i n  d e i o n i z e d  w a t e r  and d i  1  u t i n g  t o  1000 ml i n  a  v o l u m e t r i c  
f l a s k .  
A  8.00 x  - M s o l u t i o n  o f  sodium 2 - n i  t r o s o - 1 - n a p h t h o l - 5 - s u l  f o n a t e  
h a v i n g  an i o n i c  s t r e n g t h  o f  0.100 was p repared  by d i s s o l v i n g  0.1281 g  i n  
abou t  200 ml o f  d e i o n i z e d  w a t e r ,  a d d i n g  7.02 g  o f  sodium p e r c h l o r a t e  mono- 
h y d r a t e  and d i l u t i n g  t o  500 m l  i n  a  v o l u m e t r i c  f l a s k  u s i n g  d e i o n i z e d  w a t e r .  
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Table 1 . Chemical s Used and Chemical Suppl i e r s *  
Vendors 
Cata log 
Compound Vendor* Number 
A12(S04)3' 18H20 2 3208 
Ag NO3 2 2169 
p n a p h t h o l  4 MCB-P2191 -NX125 
B u f f e r  pH 7 1 SO-B-109 
CdC12'2 1/2 H20 
Ca C0 
CrC1 3'6H20 
Cu ( e l e c t r o l y t i c )  
CuBr2 
EDTA 


















Tab le  2. S o l u t i o n s  Used and D e t a i l s  o f  T h e i r  P r e p a r a t i o n  
Vol ume 
Weight d i l u t e d  Spec ie  
Compound ( 9 )  t o  (m l )  p r e s e n t  C o n c e n t r a t i  on 
KCNS 
E DTA 







A 1.60 x  - M s o l u t i o n  o f  sodium 2-n i  t roso-1  -naphthol  -5 -su l fona te  hav ing  
an i o n i c  s t r e n g t h  o f  0.100 was prepared as descr ibed  above, except  t h a t  
40.00 ml o f  2.00 x  1 0 ' ~  - M sodium 2-n i t roso-1 -naph tho l -5 -su l fona te  was used. 
Pure, anhydrous cobal t ( 1 I )  s u l f a t e ,  prepared by Caskey (22),  f o l l o w i n g  
the  method o f  D ieh l  and B u t l e r  (35) ,  was used by Go1 i g h t l y  ( 7 )  t o  prepare 
a  s tock  1.9991 x  l o m 2  - M s o l u t i o n  o f  c o b a l t ( I 1 )  s u l f a t e .  For  t h i s  purpose, 
3.0987 g  o f  cobal t ( I 1 )  s u l f a t e  was d i sso l ved  i n  de ion ized  wate r  and d i l u t e d  
t o  1000 m l  . 
A 1.9991 x  l o m 4  - M s o l u t i o n  of c o b a l t ( I 1 )  s u l f a t e  was by 
d i l u t i n g  10.00 m l  o f  t he  1.9991 x  lo- '  - M s o l u t i o n  t o  1000 m l  us i ng  
de ion ized  water.  
A 7.996 x  l o m 6  - E.l cobal t ( I 1 )  s u l f a t e  s o l u t i o n  was prepared by d i l u t -  
i n g  10.00 m l  o f  1.9991 x  - M c o b a l t ( I 1 )  s u l f a t e  s o l u t i o n  t o  250 ml 
us i ng  de ion ized  water .  
A 8.00 x - M s o l u t i o n  o f  c o b a l t ( I 1 )  s u l f a t e  hav ing  an i o n i c  
s t r e n g t h  o f  0.100 was prepared by d i s s o l v i n g  7.02 g  o f  sodium pe rch lo ra te  
monohydrate i n  about 100 m l  de ion ized  water,  adding 20.00 m l  o f  1.9991 x  
l o v 2  - M c o b a l t ( I 1 )  s u l f a t e  s o l u t i o n  and d i l u t i n g  t o  500 m l  i n  a  vo lume t r i c  
f l a s k  w i t h  de ion ized  water.  
A 1.60 x  l o m 4  - M s o l u t i o n  o f  cobal t ( I 1 )  s u l f a t e  hav ing  an i o n i c  
s t r e n g t h  o f  0.100 was prepared as descr ibed above, except  t h a t  4.00-ml 
1.9991 x  l o m 2  - M c o b a l t ( 1 I )  s u l f a t e  s o l u t i o n  was used. 
A 0.1 - N s o l u t i o n  o f  p e r c h l o r i c  a c i d  was prepared by d i l u t i n g  1  .OO m l  
o f  concentrated p e r c h l o r i c  a c i d  t o  120 m l  us i ng  de ion ized  water.  
A b u f f e r  s o l u t i o n  o f  pH 8.00 hav ing  an i o n i c  s t r e n g t h  o f  0.100 was 
prepared by d i s s o l v i n g  4.959 g  o f  d i b a s i c  sodium phosphate i n  about 600 m l  
o f  de ion ized  water  and t i t r a t i n g  w i t h  0.1 - N p e r c h l o r i c  a c i d  t o  pH 8.00, as 
i n d i c a t e d  by a  pH meter. The s o l u t i o n  was then d i l u t e d  t o  1000 m l  us i ng  
de ion i zed  wate r  and s t i r r e d  o v e r n i g h t  w i t h  a  t e f l o n  s t i r r i n g  b a r  and a 
magnet ic s t i r r e r .  The pH was again  checked and found t o  be 8.00. 
A l l  wa te r  used was de ion ized  by pass ing  d i s t i l l e d  wa te r  through a 
45 x  400 mm column o f  monobed s e l f - i n d i c a t i n g ,  ion-exchange r e s i n ,  Rohm 
and Haas Amber1 i t e  MB 3 (Ma1 1 i n c k r o d t  3326). The wate r  was s t o r e d  f r e e  
f rom carbonate . 
B. Equipment 
A Corning Model 12 pH meter  equipped w i t h  a  general  -purpose, g l ass  
e l e c t r o d e  and a f i  ber- type,  saturated-ca lomel  e l e c t r o d e  was used f o r  a1 1 
pH measurements. 
Beckman Model DB(1401) and DK-1A r e c o r d i n g  spectrophotometers were 
used w i t h  1.000- and 10.00-cm, matched, s i l i c a ,  abso rp t i on  c e l l s  i n  a l l  
spec t ropho tomet r i c  work. The Model DB was equipped so t h a t  the  sample c e l l  
compartment cou ld  be ma in ta ined  a t  cons tan t  temperature w i t h  wa te r  f rom 
t h e  cons tan t  temperature bath,  which was pumped through j a c k e t s  sur round-  
i ng t he  compartment. 
The cons tan t  temperature ba th  was equipped w i t h  a  P r e c i s i o n  S c i e n t i f i c  
Co. Porta-Temp r e g u l a t o r  (Sargent  84875). Temperatures cou ld  be ma in ta ined  
t o  w i t h i n  ? 0.25 O C .  
A  Perk in  Elmer Model 137B I n f r a c o r d  was employed t o  o b t a i n  i n f r a r e d  
spec t ra .  The po tass i  urn bromide pe l  l e t  technique was used. 
A1 1 glassware was b o r o s i  1  i c a t e .  A1 1 v o l u m e t r i c  glassware was o f  
NBS Class A q u a l i t y .  Glassware was washed w i t h  a  h o t  wa te r  s o l u t i o n  o f  
Alconox and r i n s e d  s i x  t imes w i t h  d i s t i l l e d  water .  D ry i ng  was done i n  an 
a i r  oven a t  120 OC. 
C. General Procedure 
A l l  work done was based on t h e  same procedure, w i t h  o n l y  s l i g h t  mod- 
i f i c a t i o n s  o c c u r r i n g  when necessary. An accu ra te l y  measured volume (15.00 
m l )  o f  1.9991 x  - M c o b a l t ( I 1 )  s u l f a t e  was p i p e t t e d  i n t o  a  100-ml beaker, 
and 15-drops o f  0 .1  - M p e r c h l o r i c  a c i d  added. A f t e r  a d d i t i o n  o f  excess 2.00 
x 1  o - ~  - M reagent  s o l u t i o n  (10.00 m l  ) , t h e  pH o f  t h e  system was brought  t o  
8.0 us ing  0.1 - M NaOH and a pH meter. The s o l u t i o n  was t r a n s f e r e d  t o  a  
100-ml vo lume t r i c  f l a s k  c o n t a i n i n g  25.00-ml 2.0 - M p e r c h l o r i c  ac id ,  and 
d i l u t e d  t o  t he  mark w i t h  de ion ized  water .  The absorbance was measured 
a t  540 mp versus a reagent  b lank.  
D. Recommended Procedure -- f o r  t h e  Determinat ion - o f  Cobal t  - i n Natura l  Waters 
A f t e r  c o l l e c t i o n  o f  samples, add approx imate ly  5  m l  o f  concentrated 
p e r c h l o r i c  a c i d  t o  each 1 i t e r  o f  sample t o  p reven t  algae growth and hy- 
d r o l y s i s  o f  metals present .  I f  needed, c l a r i f y  the  samples by f i l t e r i n g  
them through Whatman number 42 f i  l t e r  paper. 
P i p e t  25.00 m l  ( o r  any s u i t a b l e  a l i q u o t )  o f  wa te r  sample i n t o  a  100- 
m l  beaker and add about 20 drops o f  0.1 - M p e r c h l o r i c  a c i d  t o  b r i n g  t h e  
pH o f  t he  sample t o  about 2. I f  s u l f i t e  o r  n i t r i t e  a re  p resen t  a t  con- 
c e n t r a t i o n s  g r e a t e r  than 50 ppm and 1000 ppm, r e s p e c t i v e l y ,  add 1 m l  o f  
30 % hydrogen perox ide and apply  g e n t l y  warming f o r  about 1  minute.  Add 
10 m l  o f  4  % sodi um potassium t a r t r a t e  s o l u t i o n  t o  mask i r o n  and aluminum, 
and i f  manganese i s  present ,  add 10 ml o f  0.2 - M sod i  um pyrophosphate. Then 
add 25 .OO m l  o f  2.00 x  - M sodi  um 2 -n i  t roso-1  -naphthol  -5 -su l fona te  
and a d j u s t  t h e  pH t o  8.0, us ing  a pH meter and 0.1 N sodi  um hydrox ide 
added dropwise w i t h  s t i r r i n g .  Q u a n t i t a t i v e l y  t r a n s f e r  t he  s o l u t i o n  t o  a  
100-ml vo lume t r i c  f l a s k  c o n t a i n i n g  25 m l  o f  0.5 - M p e r c h l o r i c  ac id ,  d i l u t e  
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I V .  RESULTS AND D I S C U S S I O N  
The i n f r a r e d  spectrum o f  the sodium 2-nitroso-1-naphthol-5-sulfon- 
a t e  was i d e n t i c a l  t o  t h a t  ob ta ined  by G o l i g h t l y  ( 7 ) .  
A p o t e n t i o m e t r i  c  ti t r a t i o n  o f  1.5693 g  o f  t he  a i r - d r i e d  p roduc t  
r e q u i r e d  39.21 m l  o f  0.1250 - N (ave. o f  4  t r i a l s ,  r e l .  s t d .  dev. 1.8 p p t )  
sodium hydrox ide s o l u t i o n .  A t y p i c a l  t i t r a t i o n  curve  o f  a  weak a c i d  was 
obta ined:  n e u t r a l i z a t i o n  equ i va len t ,  320.9; pKa 7.15. The c a l c u l a t e d  
n e u t r a l i z a t i o n  e q u i v a l e n t  f o r  t h e  two and one-ha l f  hydra te  i s  320.263. 
Three reagent  samples, weigh ing 0.5325, 0.5710, and 0.6071 g, were 
t r e a t e d  w i t h  s u l f u r i c  a c i d  and n i t r i c  a c i d  us ing  t he  c l a s s i c a l  techniques 
i n  o r d e r  t o  determine sodium as t h e  s u l f a t e .  Weights o f  sodium s u l f a t e  
o f  0.1160, 0.1233, and 0.1305 g, and percen t  sodium values o f  6.96, 6.99, 
and 7.05, r e s p e c t i v e l y  , were obta ined.  These r e s u l t s  a re  i n  agreement 
w i t h  the c a l c u l a t e d  va lue o f  7.18 f o r  t he  two and one-ha1 f hydrate.  
A. E f f e c t  - o f  pH on Forrnation o f  Complex 
I n  o r d e r  t o  determine an optimum pH a t  which t he  complex was q u a n t i t a -  
t i v e l y  formed, a  s e r i e s  o f  s o l u t i o n s  was prepared and t r e a t e d  as i n  t h e  
general  procedure except  t h a t  the  pH t o  which each s o l u t i o n  was ad jus ted  
was var ied .  I n  o rde r  t o  min imize l o c a l i z e d ,  high-pH e f f e c t s  upon the  drop- 
wise a d d i t i o n  o f  base, t h e  s o l u t i o n s  were i n i t i a l l y  b u f f e r e d  w i t h  ace ta te -  
a c e t i c  ac id .  
From the  data i n  Table 3, which i s  d isp layed  g r a p h i c a l l y  i n  F igure  
1, i t  was apparent t h a t  t he  complex formed complete ly  a t  pH 4.7 o r  above. 
There was evidence t h a t  a t  pH 10 o r  g r e a t e r  some complet ing r e a c t i o n  caused 
low r e s u l t s .  A pH o f  8.0 was t h e r e f o r e  chosen f o r  the  cont inuous v a r i a -  
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2-n i  t r oso -1  -naphthol  -5-su l  f o n i c  a c i d  was c a l c u l a t e d  t o  be 87.7 % i o n i z e d .  
When t h e  pH was increased,  t h e  p r e c i p i t a t i o n  o f  c o b a l t  hydrox ide  became 
a  problem i n  s o l u t i o n s  c o n t a i n i n g  re1  a t i v e l y  h i g h  concen t ra t i ons  o f  c o b a l t .  
For  r o u t i n e  work, i t  was found t h a t  a  pH range o f  7.0-8.5 was g e n e r a l l y  
s a t i s f a c t o r y .  
B. E f f e c t  - o f  P e r c h l o r i c  ----- Acid  and T-irre on t h e  S t a b i l i t y  o f  Coba l t  Complex 
The s t a b i  1-i ty  o f  the  complex was s t u d i e d  w i t h  r espec t  t o  a c i d i t y  
and t ime.  A  s e r i e s  o f  samples was processed accord ing  t o  t he  general  
procedure except  t h a t  t h e  f i n a l  p e r c h l o r i c  a c i d  concen t ra t i on  was va r i ed .  
Absorbance measurements were made ove r  a  t ime  p e r i o d  o f  58 hours. 
I h  genera l ,  t he  systerr~ was found t o  be s t a b l e  f o r  a t  l e a s t  10 hours 
a t  pe r ch ' l o r i c  a c i d  concen t ra t ions  as h i g h  as 4 molar.  As can be seen i n  
Table 4 and F igu re  2, absorbance began t o  decrease s i g n i f i c a n t l y  when 
e i t h e r  t h e  t ime  o r  a c i d  concen t ra t i on  was inc reased  beyond these va lues.  
A l though n o t  shown, i t  was observed t h a t  t h e  complex formed a lmost  i n -  
s t an ta r~eous l y  and t h a t  t h e  l i n e s  i n  F i gu re  2  cou ld  be extended t o  n e a r l y  
ze ro  on t he  t i m e  a x i s .  Th is  meant t h a t  measurements were p o s s i b l e  immedi- 
a t e l y  a f t e r  f i n a l  d i l u t i o n  and m ix i ng .  Fo r  t h e  rema in ing  s t u d i e s  the  
f i n a l  p e r c h l o r i c  a c i d  concen t ra t i on  was se lec ted  t o  be 0.5  - M, which was 
w e l l  w i t h i n  t h e  range o f  s t a b l e  c o n d i t i o n s .  
C .  Conformance o f  t he  Cobal t Complex t o  Bee r ' s  -- Law i n  Acid-Aqueous Media 
A  s e r i e s  o f  s o l u t i o n s  was p r e p a r e d c o r ~ t a i r ~ i n g  v a r y i n g  amounts o f  
cobal  t ( I  I )  s u l f a t e  accord ing  t o  t h e  general  procedure.  The reagent  con- 
c e n t r a t i o n  was such t h a t  an excess was p resen t  i n  a l l  cases. The s tudy  
was extended t o  lower  concen t ra t i ons  u s i n g  7.996 x  - M c o b a l t ( I 1 )  
s u l f a t e  s o l u t i o n  and 10-cm c e l l s .  
Table 4. Stabi  1 i ty-Study Data 
Absorbance a f t e r  
M ~ ~ 1 0 ~  
- So lu t i on  a f t e r  











Table 5  and F igures 3  and 4  show t h a t  Beer 's  law was c l o s e l y  f o l l owed  
over  a  cobal t - concen t ra t i on  range o f  0.02-4.7 ppm. Th is  range can most 
1  i k e l y  be extended us ing  spectrophotometers t h a t  g i v e  accurate readings 
above 1  absorbance u n i t .  The molar a b s o r p t i v i t y  o f  t he  complex was found 
by c a l c u l a t i o n  t o  be 1.36 x  l o 4 .  
As i n d i c a t e d  by Table 5  t he  use o f  10-cm c e l l s  f a c i l i t a t e d  d e a l i n g  
w i t h  so l  U t ions  c o n t a i n i n g  re1 a t i v e l y  low concent ra t ions  o f  coba l t ,  as was 
t he  case i n  t h e  analyses o f  t he  n a t u r a l  waters  descr ibed  l a t e r  i n  t h i s  
r e p o r t .  Under t he  c o n d i t i o n s  o f  t he  general  procedure, a  50-ml a l i q u o t  
o f  sample was t he  maximum volume which cou ld  he conven ien t l y  analyzed. 
As a  general  gu ide l i ne ,  10-cm c e l l s  were used t o  measure t h e  absorbance 
o f  s o l u t i o n s  c o n t a i n i n g  l e s s  than 0.2 ppm coba l t .  I n  t h i s  manner, t he  
r e g i o n  o f  optimum accuracy o f  t he  spectrophotometer was u t i l i z e d .  
D. P r e c i s i o n  Study 
P r i o r  t o  an examinat ion o f  p o s s i b l e  i n te r f e rences ,  i t  was necessary . 
t o  determine t he  p r e c i s i o n  o f  t he  method so t h a t  an ac tua l  i n t e r f e r e n c e  
cou ld  be d i s t i n g u i s h e d  from normal v a r i a t i o n s  i n  t he  spect rophotometr ic  
procedure. Th is  was accomplished by t r e a t i n g  56 s o l u t i o n s  accord ing  t o  
t h e  general  procedure. So lu t i ons  were prepared and measured i n  se t s  o f  8 
on 7  d i f f e r e n t  days. 
The data,  as shown i n  Table 6  i n d i c a t e d  t h a t  t h e  procedure was q u i t e  
p rec i se .  Factory  s p e c i f i c a t i o n s  f o r  t he  Beckman DB i n c l u d e  a  p r e c i s i o n  o f  
4.0 x  1 0 ' ~  (s tandard d e v i a t i o n )  a t  absorbance va lues o f  0.400. 
E. I n t e r f e r i n g  Species 
Several  ions  which migh t  be p resen t  as i m p u r i t i e s  i n  n a t u r a l  waters 
o r  as a d d i t i v e s  d u r i n g  t h e  course o f  ana l ys i s  were examined as poss ib l e  
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Table 6. P rec i s i on  Data, 
S o l u t i o q  
Number Absorbance a t  540 mu 
Mean absorbance - 0.416 
Average d e v i a t i o n  - 3.6 x l o w 3  
Standard d e v i a t i o n  - 4.1 x 10- 3 
* d iscarded 
i n t e r f e r e n c e s ,  by adding t he  d i v e r s e  spec ie  t o  the  t e s t  s o l u t i o n  p r i o r  t o  
t h e  a d d i t i o n  o f  reagen t  and proceeding as i n  t he  genera l  procedure.  Several  
i ons  o f  i n t e r e s t  were a l s o  examined i n  d e t a i l  and i n t e r f e r e n c e  t h resho lds  
were determined f o r  these by adding v a r y i n g  concen t ra t i ons  o f  d i v e r s e  
spec ie  t o  a  s e r i e s  o f  s o l u t i o n s .  
When repeated, independent measurements o f  a  s i n g l e  q u a n t i t y  a re  
made, 99.7 % o f  t h e  r e s u l t s  on the  measurement should  f a l l  w i t h i n  t h e  
range o f  t he  average p l u s  and minus t h r e e  t imes t he  s tandard d e v i a t i o n  (37) .  
Therefore,  t he  i n t e r f e r e n c e  t h r e s h o l d  was de f i ned  i n  t h i s  work as t h e  con- 
c e n t r a t i o n  o f  a  d i v e r s e  i o n  which c rea ted  a  d e v i a t i o n  i n  the  absorbance 
measurement o f  0.012 u n i t s .  I n  most cases, as shown i n  Table 7, th resh-  
01 d values were expressed as " g r e a t e r  than"  some a r b i  t r a r y  va l  ue which 
one would n o t  o r d i n a r i l y  expect  t o  encounter  i n  n a t u r a l  water  samples. 
For  c e r t a i n  species which i n t e r f e r e d  a t  low concen t ra t i ons ,  namely n i c k e l  (11) ,  
copper ( I1 )  , i r o n ( I 1 )  , and i r o n ( 1 1 I ) ,  t h e  t h r e s h o l d  va lues were more a c c u r a t e l y  
d e f i n e d  by t r e a t i n g  s o l u t i o n s  accord ing  t o  the  general  procedure,  severa l  
a t  va r i ous  concen t ra t ions  o f  i n t e r f e r i n g  spec ie .  The r e s u l t s  o f  these 
s t u d i e s  a r e  e x e m p l i f i e d  i n  Table 8 and F igu re  5  which show t h a t  absorb- 
ance o f  t he  system began t o  decrease when i r o n ( I I 1 )  was p resen t  a t  1.5 
pDm o r  g rea te r .  
Other  se l ec ted  species were a l s o  s t ud ied  i n  some d e t a i l .  Sodium 
c h l o r i d e  was examined a t  h i g h  concen t ra t i ons  such as one migh t  encounter  
i n  t he  a n a l y s i s  o f  sea water .  The t h r e s h o l d  values o f  t a r t r a t e  i o n  and 
the  i r o n ( I I 1 ) - t a r t r a t e  complex a re  o f  i n t e r e s t  i n  r e l a t i o n  t o  work w i t h  
s t e e l s  and metal  a l l o y s  where i r o n  i s  p resen t  i n  l a r g e  amounts. 
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Tab le  8. I r o n ( I 1 1 )  Threshold  Data 
S o l u t i o n  I r o n ( I I 1 )  A @ 
Number , ( P P ~ )  540 mu 

F. E l i m i n a t i o n  - o f  I n t e r f e r e n c e s  
A f t e r  t he  p r e l i m i n a r y  i n t e r f e r e n c e  s tud ies  were made, i t  was be- 
l i e v e d  t h a t  t h r e e  general  mechanisms were p resen t  by which i n t e r f e r e n c e  
r e a c t i o n s  occurred. The f i r s t ,  as expressed by ( 1  ) below, i n v o l v e d  t h e  
p r e c i p i t a t i o n  o f  a  d i v e r s e  i on ,  such as aluminum o r  f e r r i c  i o n  when t h e  
system was ad jus ted  t o  pH 8. The hydrous aluminum o r  f e r r i c  oxides, 
M(OH)3, p r e c i  p i  t a t e .  
n  co2+ + M3+ + 3n R" 1. NaOH , (n-x )  C O R ~ - ~  + M(OH)3*x co2+ + 3x R2- 
( n - x )  C O R ~  -4  + + x co2+ + 3x R'- < 2. H C ~ O ~  1 ( 1 )  
When t h e  p r e c i p i t a t e  forrr~ed, a  q u a n t i t y  o f  co2+ was occ luded and 
was prevented f rom cornplexing w i t h  a v a i l a b l e '  reagent  molecules.  Dur ing  
t he  r e a c i  d i  f i  c a t i o n  s tep,  t h e  occluded co2+ was 1  i bera ted  as t h e  p r e c i p i  t a t e  
d i s s o l v e d  b u t  was n o t  conver ted i n t o  t he  complex under these a c i d i c  con- 
d i  t i o n s  . Therefore,  1  ow r e s u l t s  were obta ined.  
A  second general  mechanism o f  i n t e r f e r e n c e  was encountered when a  
spec ie  which was a l s o  capable o f  fo rm ing  a  complex w i t h  t he  reagent,  was 
p resen t  i n  l a r g e  concen t ra t ion .  As shown i n  (2) ,  t h i s  spec ie  competed 
w i t h  co2+ f o r  a v a i l  ab l e  reagent  molecules,  thus p reven t i ng  q u a n t i t a t i v e  
r e s u l t s .  When t h e  system was then a c i d i f i e d ,  t he  i n t e r f e r i n g  complex 
d i ssoc ia ted ,  b u t  t h e  uncomplexed c o b a l t  was unable t o  r e a c t  w i t h  t h e  f r e e d  
reagen t  and low r e s u l t s  were obta ined.  
n  co2+ + y M2+ + R2+ 1. NaOH (n -z )  C O R ~ ~ -  + y M R ~ ~ -  + x Co 2+ 
4- ( n - z )  C O R ~ .  + y M'+ + 3y R ~ ‘  + x  co2+ 2. HCIOa I ( 2 )  
A  t h i r d  mechanism o f  i n t e r f e r e n c e  was caused by spec ies such as 
n i t r i t e  and su l  f i  t e  which rnost 1  i k e l y  en te red  i n t o  o x i d a t i o n - r e d u c t i o n  
r e a c t i o n s  w i t h  t he  system. The reagen t  molecule can perhaps be reduced 
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S i m i l a r  r e s u l t s  were o b t a i n e d  when 100-ppm manganese(I1) was masked 
u s i n g  10 m l  o f  0.2 - M sodium pyrophosphate. 
2. Excess Reagent 
Mechanism ( 2 )  o u t l i n e d  above i n d i c a t e d  t h a t  l ow r e s u l t s  m igh t  be 
o b t a i n e d  due t o  a  c o m p e t i t i o n  between c o b a l t  and ano ther  m e t a l l i c  i o n  f o r  
reagen t  molecules w i t h  t h e  r e s u l  t t h a t  some c o b a l t  may remain uncompl exed. 
To a  s e r i e s  o f  s o l u t i o n s  c o n t a i n i n g  15.00 ml o f  1.999 x  - M c o b a l t ( I 1 )  
s u l f a t e  and a  s u f f i c i e n t  q u a n t i t y  o f  d i v e r s e  i o n  t o  c r e a t e  a  s i g n i f i c a n t  
i n t e r f e r e n c e  were added v a r y i n g  amounts o f  reagen t  s o l u t i o n .  The s o l u t i o n s  
were then  handled accord ing  t o  t h e  genera l  procedure.  Table 10 i l l u s t r a t e s  
t h i s  s i t u a t i o n  when n i c k e l  (11) , c o p p e r ( I 1 )  , and chromi u m ( I I 1 )  were p re -  
s e n t  i n  s u f f i c i e n t  c o n c e n t r a t i o n  t o  compete f o r  reagen t  molecules.  As 
shown, q u a n t i t a t i v e  r e s u l t s  were o b t a i n e d  when a d d i t i o n a l  reagen t  was 
added, 25-30 m l  2.00 x  - M reagent  b e i n g  s u f f i c i e n t  a t  t h e  concent ra-  
ti ons o f  i n t e r f e r i n g  spec ies  examined. 
3. O x i d a t i o n  
It was f e l t  t h a t  t h e  t h i r d  t y p e  o f  i n t e r f e r e n c e  m igh t  be e l i m i n a t e d  
i f  t h e  o x i d a t i o n  s t a t e  o f  t h e  i n t e r f e r i n g  spec ie  was a l t e r e d .  It was 
a1 ready known t h a t  t h e  system coul  d  t o l e r a t e  h i g h  c o n c e n t r a t i o n s  o f  s u l -  
f a t e  and n i t r a t e .  To s t u d y  t h i s  e f f e c t ,  t o  s o l u t i o n s  c o n t a i n i n g  15.00 
m l  o f  1.9991 x  - M cobal  t ( I 1 )  s u l f a t e  and 30 mg SO3= were added 1  m l  o f  
30 % H202. The s o l u t i o n s  were then t r e a t e d  accord ing  t o  t h e  genera l  
procedure.  I f  s u l  f i t e  was i n t e r f e r i n g  by reduc ing  reagen t  molecules,  
t h e  hydrogen perox ide  t r e a t m e n t  shou ld  remedy t h i s  by o x i d i  z i n g  s u l f i  t e  
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d a t a  shown i n  Tab le  12 was i n d i c a t i v e  t h a t  no s i g n i f i c a n t  i n t e r f e r e n c e s  
were encountered i n  these  wa te rs .  No c o b a l t  was found i n  t h e  rema in ing  
t h r e e  waters ,  I .e., P l i s s i s s i p p i  R i v e r ,  Wel l  #2, and Southern I l l i n o i s  
U n i v e r s i t y  a t  Carbondale Campus Lake. 
Car l son  and Caskey have r e c e n t l y  r e p o r t e d  (40 )  t h e  a p p l i c a t i o n  o f  
t h e  method t o  t h e  d e t e r m i n a t i o n  o f  c o b a l t  i n  s t e e l s .  E x c e l l e n t  r e s u l t s  
were o b t a i n e d  on t h e  s t e e l  samples, show.ing t h a t  t h e  method has few i n t e r -  
f e r r i n g  spec ies  and can be adapted t o  v e r y  complex systems. Excess reagen t  
and s o d i  um p o t a s s i  um t a r t r a t e  were used t o  e l i m i n a t e  i n t e r f e r e n c e s .  
A more c o m ~ l e t e  d e s c r i p t i o n  o f  t h e  research  d e s c r i b e d  i n  t h i s  
c h a p t e r  o f  t h i s  r e p o r t ,  as w e l l  as r e l a t e d  m a t e r i a l s ,  has been prepared by 
Car l  son (34 ) .  
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Table 12. Determinat ion o f  Coba l t  i n  Natura l  -Water Samples 
Cobal t Coba l t  Cobal t  Cobal t  
Crab Orchard Sol u t i o n  Added Found Recovered Recovered 
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using t a r t r a t e ,  whi l e  pyrophosphate was used t o  sequester manganese(I1). 
Chromi um(III), nickel ( I  I ) ,  copper( 11) , and i ron(I1)  interferences were 
el iminated by adding excess reagent. Nitri te and su l f i  t e  were oxidized 
using hydrogen peroxide. Successful recovery studies were carried out 
on three natural -water samples. That the method i s  accurate, specific 
and precise has been demonstrated by the successful determination of 
cobalt in standard-steel samples. 
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Chapter 4 
STIJOY OF THE VALUES OF SOME THERMODYNAMIC 
FUNCTIONS OF NAPHTHOL SULFON1:C ACID DERIVATIVES 
Raymond A, Cox and A1 b e r t  L. Cas key 
I. INTRODUCTION 
Larr~bert i n  1760, and l a t e r  Beer, observed and i n v e s t i g a t e d  c e r t a i n  
o p t i c a l  phenomena (1  ) .  Lambert noted t h a t  when monochromatic o r  mu1 ti - 
c o l o r e d  l i g h t  passed through some absorb ing  medium, t h e  i n t e n s i t y  o f  t h e  
i n c i d e n t  l i g h t  was g r e a t e r  than t h e  i n t e n s i t y  o f  t h e  t r ans rn i t t ed  l i g h t .  
The i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t ,  I,, was r e l a t e d  t o  t h e  surn o f  t h e  
i n t e n s i t i e s  o f  t h e  r e f l e c t e d  l i g h t ,  I,, t h e  absorbed l i g h t ,  I,, and t he  
t r a n s m i t t e d  l i g h t ,  It. By us ing  a  c o n t r o l  t o  measure t h e  r e f l e c t e d  l i g h t ,  
Lambert e l  i m i  nated t h a t  term and ob ta ined  
I, = I, + It and = -KII db 
which when i n t e g r a t e d  y i e l d e d  
where b  was t h e  th ickness  o f  t he  medium and K and K2 were constants ,  1  
c a l l e d  abso rp t i on  c o e f f i c i e n t s ,  which were dependent on t he  wavelength o f  
t h e  l i g h t  and t h e  na tu re  o f  t he  absorb ing medium used. 
Beer extended Lambert 's s t u d i e s  and determined t h e  e f f e c t  o f  the  
concen t ra t i on  o f  co lo red  species i n  s o l u t i o n  on t he  i n t e n s i t y  o f  t he  l i g h t  
t r ansm i t t ed .  The i n t e n s i t y  o f  a  beam o f  monochromatic 1  i g h t  decreased 
e x p o n e n t i a l l y  as t h e  concent ra t ion  o f  t h e  absorb ing substance increased 
a r i t h m e t i c a l  l y ,  o r  
where k3 and k4 were constants  and c  was concent ra t ion  o f  t he  l i g h t -  
absorb ing spec ies.  
The combined Lambert 's and Beer 's  laws r e l a t e d  bo th  t h e  pa th  l e n g t h  
o f  t h e  t r a n s m i t t e d  l i g h t  and t he  concen t ra t i on  o f  t h e  absorb ing species 
t o  t h e  i n c i d e n t  and t r a n s m i t t e d  i n t e n s i t i e s ,  which i n  modern nomenclature 
have been r e f e r r e d  t o  as t he  i n c i d e n t  and t r a n s m i t t e d  power, Po and Pt, 
r e s p e c t i v e l y  , and y i e l d e d  t he  express ion 
where E was t he  molar  a b s o r p t i v i t y ,  c  t he  concen t ra t i on  expressed i n  
moles per  l i t e r ,  and b  the  pa th  l e n g t h  expressed i n  cent imeters .  The 
absorbance, A, was de f i ned  by 
A  = l o g  (Po/Pt) = ~ c b  
a1 l ow ing  t h e  molar  a b s o r p t i v i t y  t o  be c a l c u l a t e d  when t h e  absorbance o f  
a  s o l u t i o n  o f  known concent ra t ion  was measured i n  an absorp t ion  c e l l  of 
known dimension. 
Suppose t h a t  an und issoc ia ted ,  weak ac id ,  HX, absorbs v i s i b l e  o r  
u l t r a v i o l e t  r a d i a t i o n  over  a  wavelength range, nh, i n c l u d i n g  a  maximum 
absorbance a t  A,, and suppose t h a t  t he  an ion o f  t h e  a c i d ,  X', does n o t  
absorb 1 i g h t  over  t h i s  wavelength range. Pleasurement o f  t he  absorbance 
va lues a t  A, o f  each o f  two, equal - formal ,  s tandard  s o l u t i o n s  o f  t h i s  
ac i d ,  one i n  an a c i d i c  rr~ediurr~ t o  ensure t h a t  HX i s  100 percen t  undis-  
soc ia ted ,  and t h e  o t h e r  i n  a  b u f f e r e d  s o l u t i o n  o f  i n t e rmed ia te  pHy a l l ows  
c a l c u l a t i o n  o f  t he  concen t ra t i on  o f  t h e  und issoc ia ted  ac id ,  HX, i n  t h e  
b u f f e r e d  mediurr~. The concen t ra t i on  o f  t he  anion, X', p resen t  i n  t he  
b u f f e r e d  s o l u t i o n  can be c a l c u l a t e d  by s u b s t r a c t i n g  t h i s  concen t ra t i on  
f rom t h e  fo rma l ,  s tandard concen t ra t i on  o f  t he  ac id .  
Therefore,  i f  the  pH o f  t he  b u f f e r e d  s o l u t i o n  i s  measured o r  if a 
b u f f e r  o f  known pH i s  used, t h e  i o n i z a t i o n  cons tan t  f o r  t he  a c i d  can be 
c a l c u l a t e d  by t h e  equat ion  
where t he  r a t i o  . [X']/[HX] i s  ob ta ined  spec t ropho tomet r i ca l  l y .  
11. HISTORICAL 
Knowledge o f  t h e  thern~odynamic values o f  i o n i z a t i o n  constants  o f  new 
ac ids i s  a  p r e r e q u i s i t e  f o r  complete ly  understanding t h e i r  chemist ry .  With- 
o u t  knowing t he  s t r e n g t h  o f  ac ids ,  and t h e  e f f e c t s  s u b s t i t u e n t s  have upon 
those s t r eng ths ,  t h e  chemist  cannot hope t o  e x p l a i n  t h e  behav io r  o f  t he  
ac ids , l e t  a1 one p r e d i c t  what t he  ac ids w i  1  1  do i n  any g i  ven chemi ca l  
system. Hal ban and Eber t  ( 2 )  f i r s t  proposed t h e  p o s s i b i l i t y  o f  de te rmin ing  
i o n i z a t i o n  constants  c o l o r i m e t r i c a l  l y  and made some rough de te rmina t ions .  - 
S ince then, i ns t rumen ta t i on  has improved t o  such an e x t e n t  t h a t  i n  1954, 
Bates and Schwarzenbach (3 )  proposed t h a t  t he  accurate de te rm ina t i on  o f  
thermodynamic va l  ues o f  i o n i z a t i o n  constants  coul  d  be ob ta ined  by a  combi na- 
t i o n  of  s p e c t r a l  absorp t ion  and e.m. f. da ta  by an e x t r a p o l a t i o n  t o  zero i o n i c  
s t r e n g t h  t o  e l i m i n a t e  a l l  s a l t  e f f e c t s .  To v e r i f y  t h i s ,  t hey  determined t he  
i o n i z a t i o n  constants  o f  th ree ,  uncharged ac ids (4 -n i t ropheno l ,  2 ,4 -d in i t ro -  
phenol and 4-chl  oro-2,6-dini  t ropheno l  ) and o f  t h ree ,  c a t i o n i  c  ac ids (3-  
n i t r o a n i  1  i n i um i on ,  4-ch loroani  l i n i u m  i o n ,  and N ,N-d ie thy l -4- to1 u i d i n i u m  
i o n ) .  The r e s u l t s  t hey  ob ta ined  agreed very  we1 1  w i t h  t h e  accepted l i t e r a -  
t u r e  values. 
I n  1955 Robinson and Biggs ( 4 )  descr ibed a  procedure f o r  t he  accurate 
determi n a t i o n  o f  t h e  i o n i z a t i o n  constant  o f  4-ni  t ropheno l  by a  spect rophoto-  
m e t r i c  method. Bu f f e r s  o f  known pH were prepared accord ing t o  procedures 
descr ibed  by Bates and Acree ( 5 )  and t he  pH values o f  t he  b u f f e r s  checked 
w i t h  a  pH meter. Then by measuring t he  absorbance o f  t h r e e  s o l u t i o n s  con- 
t a i n i  ng equal - formal  concen t ra t i  ons o f  an unknown a c i d  when i t  was complete ly  
undi  ssoc i  a ted , complete ly  d i ssoc ia ted ,  and i n  a  b u f f e r  s o l u t i o n  o f  i ntermedi - 
a te  known pH, t he  r a t i o  o f  t h e  concen t ra t i on  o f  t he  d i s s o c i a t e d  a c i d  t o  t he  
undi  s s o c i  a ted  a c i d  was e v a l  ua ted  and t h e  i o n i  z a t i  on c o n s t a n t  c a l  c u l  a ted.  
The thermodynami c  v a l  ue o f  t h e  i o n i z a t i o n  c o n s t a n t  o f  4 - n i  t r o p h e n o l  was 
r e p o r t e d  t o  be 7.149. T h i s  compared w i t h  t h e  va lues o f  7.02 ( 6 ) ,  7.16 ( 7 ) ,  
and 7.19 (8)  measured by o t h e r  au tho rs  u s i n g  o t h e r  methods o f  d e t e r m i n a t i o n .  
I n  1961, Bates and Gary ( 9 )  p u b l i s h e d  t h e  r e s u l t s  o f  work t h a t  g r e a t l y  
improved t h e  s p e c t r o p h o t o m e t r i c  method f o r  t h e  d e t e r m i n a t i o n  o f  thermodynamic 
va lues o f  i o n i z a t i o n  cons tan ts  o f  weak a c i d s  and bases. A  thermodynamic 
a c i d i t y  f u n c t i o n ,  P(aH+YC1-) ,  was d e f i n e d  f o r  use i n  measur ing t h e  a c t i v i t y  
o f  t h e  hydrogen i o n  i n  s o l u t i o n  where P(aH+YC1-) = - l ~ g ~ ~ ( m ~ + ~ ~ + ~ ~ ~ - )  i n  
accordance w i t h  t h e  conven t ion  s e t  f o r t h  by Bates and Guggenheim (10 ) .  An 
e l e c t r o m o t i v e  c e l l  o f  t h e  t y p e  
was used f o r  t h e  d e t e r m i n a t i o n  o f  P(aH+yC1-) by t h e  e q u a t i o n  
where E was t h e  e l e c t r o m o t i v e  f o r c e  o f  t h e  above c e l l  , EO was t h e  
s t a n d a r d  p o t e n t i a l  o f  t h e  c e l l ,  R was t h e  gas c o n s t a n t ,  T  was t h e  a b s o l u t e  
temperature  i n  degrees K e l v i n ,  and F was t h e  fa raday .  I n  o r d e r  t o  e x t r a -  
p o l  a t e  back t o  zero  i o n i  c  s t r e n g t h  f o r  d e t e r m i n i n g  thermodynarr~ic data,  t h e  
i o n i c  s t r e n g t h ,  p, o f  t h e  b u f f e r  s o l u t i o n  must be known and p o t e n t i a l  
measurements made a t  d i f f e r e n t  i o n i c  s t r e n g t h s ,  s i n c e  P(aH+YC1- ) was used 
f o r  d e t e r m i n i n g  thermodynamic d a t a  a t  an i o n i c  s t r e n g t h  o f  zero .  T h i s  
a c i d i t y  f u n c t i o n  was measured by  Bates and Gary f o r  a  s e r i e s  o f  b u f f e r s  
o v e r  a  w ide range o f  temperatures  and t h e  va lues r e p o r t e d  ( 9 ) .  T h i s  rnade 
i t  p o s s i b l e  f o r  o t h e r  workers  t o  p repare  a  b u f f e r  s o l u t i o n  w i t h  an 
accu ra te l y  known a c i d i t y  func t ion ;  t he  therrnodynami c  va l  ue o f  t h e  i on i -  
z a t i o n  cons tan t  o f  an a c i d  cou ld  now be measured by c a r e f u l l y  p repa r i ng  
th ree ,  equal- formal s o l u t i o n s  o f  t he  a c i d  be ing  s t u d i e d  and then measur- 
i n g  t h e  absorbance o f  each s o l u t i o n  a t  one wavelength. I n  one s o l  h t i o n  
t he  a c i d  must be complete ly  und issoc ia ted ,  i n  one s o l u t i o n  t h e  a c i d  must 
be complete ly  d i ssoc ia ted ,  and i n  t he  t h i r d  s o l u t i o n ,  which must be one 
of t he  b u f f e r e d  s o l u t i o n s  descr ibed by Bates and Gary ( 9 ) ,  t h e  a c i d  must 
be p a r t i a l l y  d i ssoc ia ted .  As l o n g  as t h e  concen t ra t i on  o f  t he  a c i d  
be ing  s tud ied  was k e p t  ve ry  smal l  so as n o t  t o  apprec iab ly  change t h e  
i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n ,  o r  t o  exceed t h e  b u f f e r  capac i t y  o f  t he  
bu f f e r ,  t he  repo r ted  a c i d i t y  f u n c t i o n  cou ld  be used and no pH measurement 
needed t o  be taken. 
Robinson (1 1 )  used the  values o f  Bates and Gary (9 )  t o  spect rophoto-  
m e t r i c a l l y  determine the  thermodynamic values o f  t h e  i o n i z a t i o n  constants  
o f  s i x  d i c h l  oroani  l i n e s  and s i x  d ich lo ropheno ls  i n  aqueous s o l  u t i o n s  a t  
25 O C  w i t h  very  good r e s u l t s .  An approx imate ly  l i n e a r  r e l a t i o n s h i p  was 
found t o  e x i s t  between the  pK; values o f  t h e  d i c h l o r o a n i l  i nes  and t h e  p K i  
va l  ues o f  t he  correspondi ng d i  ch l  orophenol s  . Re1 a t i  ons h i  ps 1  i ke t h i s  
made i t  p o s s i b l e  t o  p r e d i c t  the  behav io r  o f  r e l a t e d  compounds by knowing 
t he  behav io r  o f  one o f  them. 
S r i  vastava (12) determined spect rophotometr i  ca l  l y  the  va l  ues o f  t h e  
i o n i z a t i o n  constant  o f  1  - n i  t roso-2-naphthol  a t  seven d i f f e r e n t  tempera- 
t u res  f rom 25 O C  t o  55 O C  and used these values t o  c a l c u l a t e  t h e  values 
of f r e e  energy, en tha lpy ,  en t ropy ,  and hea t  capac i t y  o f  i o n i z a t i o n .  
Since 1 -n i t roso-2 -naphtho l  was used as an a n a l y t i c a l  reagent f o r  pre-  
c i p i t a t i n g  c o b a l t  i n  h o t  0.2 - N h y d r o c h l o r i c  a c i d  s o l u t i o n  (13)  and 
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It was d e s i r e d  t o  use t h e  improved, s p e c t r o p h o t o m e t r i c  method p r o -  
posed by  Bates and Gary (9), d i r e c t l y  d e d u c i b l e  f r o m  t h e  rnethod o f  Robin- 
sorl and B i  ggs (4 ) ,  t o  d e t e m i  ne t h e  therrrlodynami c  i o n i z a t i o n  constar l ts  o f  
1-naphtho l  and 2-naphtho l  and t h e i r  s u l  f o n i c  a c i d  d e r i v a t i v e s  and use t h e  
de te rm i  rled v a l  ues t o  c a l  c u l  a t e  t h e  o t h e r  thermodynarnic f u n c t i o n s  o f  these  
a c i d s  s o  t h a t  t h e  compl e x i  ng a b i  1  i ty  o f  t h e  hydroxynaphtha lene s u l  f ~ n i  c  
a c i d s  rn ight  b e t t e r  be e x p l a i n e d  and t h e i r  s p e c i f i c  b e h a v i o r  p r e d i c t e d .  The 
p r e l i m i n a r y  work u s i n g  a  rr~odel compound i s  d e s c r i b e d  i n  t h i s  c h a p t e r  o f  
t h i s  r e p o r t .  ' A more comprehensive s t u d y  o f  naph tho l  s u l  f o n i  c  a c i d  d e r i  v- 
a t i v e s  was p resen ted  by  Cox (15 ) .  
I I I. EXPERIMENTAL 
A. Reagents 
Reagent-grade chemicals , meet ing American Chemical Soc ie t y  s p e c i f i  - 
ca t i ons  were used whenever they were c o m e r c i  a1 l y  avai  1 ab le ,  i n c l  ud i  ng 
;tttin- (hydroxymethyl )-ami nomethane ( F i s h e r  T-395), h y d r o c h l o r i c  a c i d  
( F i s h e r  A-144-C) , sodi  um hydrox ide (F i she r  S-318), po tass i  um d i  hydrogen 
phosphate ( F i s h e r  P-285), d i s o d i  um phosphate (Baker and Adamson 231 3 ) ,  
sodium bo ra te  decahydrate (F i she r  S-249), and sodi  urn c h l o r i d e  (Matheson, 
Coleman and B e l l  5x645). 
Pr imary-s tandard potassium hydrogen ph tha l  a t e  ( F i s h e r  P-243) was used. 
The 4 -n i  t rophenol  (Matheson, Coleman and Be1 1 NX 645) ,  was p u r i f i e d  
by sub l ima t i on :  mp 113 - 114 "C,  [ l i t ,  mp 114 "C ( 1 6 ) l .  
The wate r  used was de ion ized  wate r  which was prepared f rom d i s t i  1 l e d  
wa te r  by pass ing i t  through a 45 x 400-mm column o f  monobed, s e l f - i n d i c a t -  
i n g ,  ion-exchange r e s i n ,  Rohm and Haas Amberl i  t e  MB 3 ( M a l l i n c k r o d t  3326). 
The de ion ized  wate r  was s to red  carbonate f r e e .  
B. Equipment 
A Beckman Research Model pH meter,  equipped w i t h  a general-use, g lass  
e l ec t rode  and a f i b e r - t y p e ,  saturated-ca lomel  e l ec t rode  was used. The pH 
meter was c a l i b r a t e d  by making up b u f f e r s  o f  known pH accord ing t o  t h e  
procedures o f  Bates ( 1  7 ) .  
A Beckman Model DB (1401) r eco rd ing  spectrophotometer was used f o r  
a1 1 absorbance measurements. A pa i  r o f  matched, s i  1 i ca, absorp t ion  c e l l  s 
o f  1.00-cm pa th  l e n g t h  was used. To ensure t h a t  t he  temperature w i t h i n  
t h e  c e l l  compartment was c o r r e c t ,  a  t o t a l  - immersion thermometer was p laced  
i n  an i n s u l a t e d  g lass  tube a t tached  t o  t h e  i n l e t  and another  thermometer 
was p laced  i n  an i n s u l a t e d  g lass  tube  a t tached  t o  t h e  o u t l e t .  Each thermo- 
mete r  was c a l  i b r a t e d  aga ins t  an NBS ca l  i b r a t e d  thermometer, t e s t  number 
1861 79. The p roper  c o r r e c t i o n  was app l i ed .  The magnitude o f  t h e  co r rec -  
ti on needed f o r  s i x  d i f f e r e n t  temperatures i s  presented i n  Table  1. The 
temperature drop between t h e  i n l e t  and o u t l e t  o f  t h e  c e l l  compartment was 
l e s s  than 0.10 "C. 
The rnel ' t i  ng p o i n t s  were measured w i t h  a  Thomas Hoover Unimel t Capi 11 a r y  
Me1 ti ng Poi n t  Apparatus (Thomas 6406-M) c a l  i b r a t e d  w i t h  ace tan i  1  i de: mp 
112.5 - 113.5 "C,  [lit, mp 113-114 " C  ( 1 7 ) l .  
Boros i  1  i ca te  glassware was used e x c l  u s i  ve l y .  A1 1 vo l ume t r i c  g l  ass- 
ware used was NBS Class A q u a l i t y .  The glassware was cleaned by washing 
f i r s t  w i t h  h o t  wa te r  c o n t a i n i n g  D r e f t  and f i n a l l y  r i n s i n g  a t  l e a s t  s i x  
t imes w i t h  d i s t i  1  l e d  water .  The glassware was then  d r i e d  a t  110 " C  i n  an 
oven. Any glassware which d i d  n o t  d r a i n  p r o p e r l y  was washed w i t h  a  so l u -  
t i o n  o f  po tass i  urn t -~ydrox ide i n  e thano l  , and then washed aga in  i n  h o t  wa te r  
con ta i  n i  ng D r e f t .  
P u r i f i c a t i o n  by vaccum sub1 i rna t ion  was accompl i shed  us i ng  an Ace- 
6684, s tandard - taper  un i  t, and a Duo-Seal vaculrm pump (Model 1405). 
Cont ro l  o f  t h e  temperature o f  t h e  s o l u t i o n s  and t h e  c e l l  compartment 
o f  t h e  spect rophotometer  t o  w i t h i n  2 0.10 " C  was ob ta ined  us i ng  two con- 
s t a n t  temperature baths equipped w i t h  Sargent-We1 ch thermoni t o r s  (Model ST), 
and a Col e-Parmer Var i  ab le  Speed M a s t e r f l  ex Tubing pump. 
Table 1. Cal i b r a t i o n  o f  Thermometers 
Thermometer Cor rec t iona  Thermometer Cor rec t iona  
Reading f o r  Reading f o r  
RI655 6  74 
a ~ h e  p lus  s i g n  means t h a t  the  t r u e  temperature i s  h i ghe r  
than t he  i n d i c a t e d  temperature.  
C. Spec ia l  Stock S o l u t i o n  
Standard h y d r o c h l o r i c  ac i d ,  0.11 73 - N, was prepared by b u r e t t i n g  41.5 
m l  o f  concentrated h y d r o c h l o r i c  ac i d ,  sp. g r .  1.19, i n t o  a  5 - l i t e r  
po l yp ropy l  ene b o t t l e ,  f i  11 i ng the  b o t t l e  w i t h  de i  on i  zed water ,  and magneti- 
ca l  l y  s t i r r i n g  t he  s o l u t i o n  f o r  one-ha1 f hour.  The s o l u t i o n  was standard- 
i zed p o t e n t i o m e t r i  c a l  l y  aga ins t  pr imary-s tandard,  - t d - (hyd roxyme thy1 ) -  
aminomethane which had been d r i e d  a t  100 "C f o r  one-and-one-ha1 f hours 
(0.1173 - N, r e l .  s t d .  dev. 0.07 %, 6 t r i a l s ) .  
Standard sodium hydrox ide,  0.0900 - N, was prepared by b u r e t t i n g  20.0 
m l  o f  concentrated sodium hydrox ide (1  g/ml)  i n t o  a  5-1 i t e r  po lypropy lene  
b o t t l e  and f i l l  i n g  t he  b o t t l e  w i t h  carbonate- f ree,  de ion ized  water  and mag- 
n e t i c a l l y  s t i r r i n g  t he  s o l u t i o n  f o r  t h i r t y  minutes. The s o l u t i o n  was 
s tandard i  zed aga ins t  pr imary-s tandard potassium hydrogen ph tha l  a te ,  pre-  
v i o u s l y  d r i e d  a t  120 O C  f o r  two hours,  us i ng  pheno lph tha le in  as i n d i c a t o r  
(0.0900 N, r e l .  s td .  dev. 0.13 %, s i x  t r i a l s ) .  
A s t ock  s o l u t i o n  o f  1.00 x  10-3 - M 4-n i t ropheno l  was prepared by 
p l a c i n g  0.13911 g  o f  t h i s  substance i n t o  a  l - l i t e r  vo lume t r i c  f l a s k ,  and 
d i  1  u t i n g  t o  volume w i t h  de ion ized  water .  
A s o l u t i o n ,  0.2500 m i n  bo th  potassium d i  hydrogen phosphate and d i -  
sodi  um hydrogen phosphate b u f f e r ,  was prepared by p l a c i n g  35.4950 g  o f  
d i s o d i  um hydrogen phosphate and 34.0225 g  o f  po tass i  um d i  hydrogen phos- 
phate i n  998.95 g  o f  wa te r  weighed a t  25.0 "C and atmospheric pressure. 
Th is  mass o f  wa te r  was equ i va len t  t o  1000.0 g  o f  wa te r  a t  25.0 "C weighed 
i n  vacuum. Bates and Gary ( 9 )  r epo r ted  p ( a  IitYc1 - ) values f o r  t h i s  b u f f e r  
a t  d i f f e r e n t  temperatures. 
D. Procedure 
F ive  se ts  o f  s i x  s o l u t i o n s  each were prepared by p i  p e t i n g  var ious  
vo l  Umes of 1.000 x  10" - M 4 -n i  t ropheno l  i n t o  each o f  severa l  100-ml , vo l  u- 
m e t r i c  f l a s k s .  Then 10.00-ml 0.11 73 - N h y d r o c h l o r i c  ac id ,  10.00-ml 0.0900 
N sodi  um hydrox ide ,  5.00-ml , 10.00-ml , and 15.00-ml o f  b u f f e r  were added 
- 
t o  each f l ask  i n  se t s  1  , 2, 3, 4, and 5, r espec t i ve l y .  The so l  u t i o n s  were 
d i l  u t ed  t o  volume w i t h  de ion ized  wate r ,  shaken, and p laced  i n  t h e  constant -  
temperature ba th  a t  25.0 O C  f o r  t h i r t y  minutes. The absorbance of  each 
s o l u t i o n  was measured a t  399 mp aga ins t  a  de ion ized  wa te r  b lank .  
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M u l t i p l y i n g  t he  term i n s i d e  t h e  b racke ts  by I - ::$ ( and r e a r r a n g i  ng terms 
Then, 
(A- A1 
- l o g  F] = - log[ ] , where A1 i s  t h e  absorbance o f  a  s o l u t i o n  
m~ x ( A2-A) 
c o n t a i n i n g  o n l y  HX, A2 i s  t he  absorbance va lue  o f  a  s o l u t i o n  c o n t a i n i n g  
o n l y  X-, and A  i s  t he  absorbance o f  a  s o l u t i o n  buffered so t h a t  bo th  X- 
and HX e x i s t .  The sum o f  t he  concen t ra t ions  of X- and HX i s  cons tan t  i n  
each o f  t he  t h r e e  s o l u t i o n s .  
w i  1  ac tua l  l y  g i  ve t he  r a t i o  o f  t h e  concen- P roo f  t h a t  t h e  t e rm  - 
t r a t i o n  o f  an ion  t o  t h e  concen t ra t i on  o f  und i ssoc ia ted  a c i d  can be given. 
A, Al and A2 have a1 ready been de f ined .  Also,  l e t  m equal t he  mol a1 
H  X 
concen t ra t i on  o f  HX i n  s o l u t i o n ,  and rn t h e  mol a1 concen t ra t i on  o f  X- i n  x- 
s o l u t i o n ,  and c  = m + rn Then, s u b s t i  t u t i  ng i n t o  the  Beer-Lambert 1  aw, HX X - '  
A  = E ~ C  
where E i s  t h e  rnol a1 a b s o r p t i v i t y ,  one ob ta i ns ,  
A 2 = ~  bc,  
x- 
and 




- mx-  
- - - .  
A2 -A m~ x 
Therefore, t h e  nega t i ve  l o g r i  thm o f  t he  thermodynamic value o f  t he  i o n i z a -  
t i o n  cons tan t  o f  a  weak a c i d  i s  g iven  by:  
The P(aH+YCl-) values can be ob ta ined  f rom 1  i t e r a t u r e  da ta  (5,9), t h e  
absorbance values A, Al , and A2 can be measured i n  t h e  1  aboratory ,  b u t  
t he  a c t i  v i  t y - c o e f f i c i e n t  te rm must be eva l  uated. 
By us ing  the  ~ e b ~ e - ~ i c k e l  equa t ion  (19 ) ,  
pkea + 1 
flEl - = kh 601- 
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where A and B  were constants  dependent upon t h e  d i e l e c t r i c  constant  
and t h e  temperature o f  t he  so l ven t ,  zi was t he  charge on any i th i o n ,  
and ai and B were ad jus tab le  parameters. Bates, Siege1 and Acree 
(22)  exp la i ned  t he  te rm p as r e s u l t i n g  f rom t h e  change o f  d i e l e c t r i c  
cons tan t  w i t h  concen t ra t ion  o f  i o n i z e d  so lu tes  as w e l l  as i n t e r a c t i o n s  
among resonant  dip01 a r  i ons  and nonpolar  i ons .  The te rm ai (cm x  10-8) 
was re1  a ted  t o  t h e  i o n  s i z e  o r  t he  e f f ec t i ve - cha rge  rad ius  o f  t he  i o n  
i n  s o l u t i o n .  
Therefore,  t o  c a l c u l a t e  t he  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  i ons  i n  
d i l u t e  s o l u t i o n s  , t h e  s imple ~ e b y e - ~ I c k e l  equat ion,  equa t ion  2, can be 
used f o r  each i o n  ( i )  and t he  r e s u l t i n g  term ca l cu la ted .  
€3. Re la t i onsh ip  - o f M o l a l i t y  and M o l a r i t y  
The p ( a  +y ) values determined by Bates and Gary (9 )  were eva lua ted  
c1- 
us i ng  b u f f e r  s o l u t i o n s  prepared on t h e  bas i s  o f  mol a l i  ty, where mol a1 i t y  
was de f i ned  as t he  number o f  moles o f  s o l u t e  d i sso l ved  i n  one k i l og ram o f  
s o l v e n t .  Therefore,  i n  t h i s  s tudy  a l l  s t ock  b u f f e r  s o l u t i o n s  were pre- 
pared on t h e  bas i s  o f  m o l a l i  ty. D i l u t i o n  o f  s t ock  molal  s o l u t i o n s  t o  
prepare o t h e r  more d i l  u t e  mol a1 s o l  u t i o n s  r e q u i r e d  we igh ing  t h e  c o r r e c t  
masses o f  so l  ven t  needed. Such processes would have been very  ted ious  f o r  
maki ng t h e  1  arge number o f  d i  1  u t i  ons requ i  red.  Fu r the r  s o l  u t i  on prepara- 
t i o n s  were f a c i l i t a t e d  us ing  d i l u t i o n s  by mol a r i  ty o f  t he  s tock  mol a1 
s o l u t i o n s .  I t  can be shown t h a t  such d i l u t i o n s  were j u s t i f i e d ,  and d i d  
n o t  i ntroduce 1  arge re1 a t i  ve e r r o r s .  
By d e f i n i t i o n ,  m0 = n/W1, MO = n/VO, n= W2/M, VOMO = VM, and Do = 
[W1 + (W2/1000)]V0 where 
mO = m o l a l i t y ,  i n i t i a l  cond i t i ons  
m = molal  i t y ,  f i n a l  cond i t i ons  
W = mass s o l v e n t ,  kg 1  W2 = rrlass so l l r t e ,  g  
n  = number o f  moles o f  so l  u t e  
V O  = vo l  Ume, 1  i t e r s  , i n i  ti a1 condi ti ons 
\I = volume, l i t e r s ,  f i n a l  cond i t i ons  
Do = dens i t y ,  i n i t i a l  cond i t i ons  
D = dens i t y ,  f i n a l  cond i t i ons  
PI0 = rnol a r i  t y  , i n i  ti a1 cond i t i ons  
M = rnol a r i  ty,  f i n a l  cond i t i ons  
and M i s  t h e  mo lecu la r  we igh t  o f  t he  s o l u t e .  The i n i t i a l  m l a r i t y  o f  a  
s o l u t i o n  i s  g iven  by t h e  equat ion MO = n/VO, b u t  by s u b s t i t u t i n g  f o r  VO 
t h e  va l  ue [W1 + (W2/1000)]/D0 a  new equat ion  
i s  obta ined.  NOW, if nM i s  s u b s t i t u t e d  f o r  W 2 ,  t h e  r r ~ o l a r i t y  can be 
expressed by t h e  equat ion  
S i  nce mO = n/W1 , the  rnol a r i  ty o f  t he  s o l  u t i  on i s  g i  ven by 
an equat ion  which re1 ates rnol a r i  ty t o  rnol a1 i ty . The rnol a1 i ty can then be 
ca l  cu l  a ted  by rea r rang ing  and so l  v i ng  f o r  mO t o  ge t  
The m o l a r i t y  of t he  f i n a l  s o l u t i o n  can be c a l c u l a t e d  by equat ion M = 
V O M O / V .  But, by i n s p e c t i o n  o f  equa t ion  6, the rnol a1 i t y  o f  t h e  d i l u t e d  
s o l u t i o n  i s  a l s o  g iven  by t h e  equat ion  
Equat ions 7 and 8 can be equated t o  o b t a i n  
S u b s t i t u t i n g  i n t o  equa t ion  9, t he  r e s u l t  ob ta ined  f o r  MO f rom equat ion 
6, a  new equat ion  
i s  obt,ai  ned, which a f t e r  s o l  v i  ng f o r  t h e  f i n a l  mol a1 i ty m, y i e l  ds 
A l l  s t ock  b u f f e r  s o l u t i o n s  were prepared on t he  bas i s  o f  m o l a l i  ty, b u t  
the  d i l u t i o n s  of  the  b u f f e r  s o l u t i o n s  were made on t he  bas i s  o f  mol a r i  ty. 
A c a l c u l a t i o n  o f  the  m o l a l i t y  o f  a  sample s o l u t i o n  o f  t h e  b u f f e r ,  potassium 
d i  hydrogen phosphate - d i sod i  um hydrogen phosphate, hand1 ed i n  t h i s  manner 
was made and t he  e f f e c t  on the  corresponding P(aH+yC1-) va lue  g iven  by 
Bates and Gary ( 9 )  was determined. 
The dens i t y  o f  t h e  i n i t i a l  s tock  s o l  u t i o n  o f  t he  b u f f e r  was measured 
a t  25.0 " C  us i ng  standard,, c a r e f u l  techniques. A c lean, dry ,  5-ml vo l l l -  
m e t r i c  f l ask  was f i r s t  weighed empty a t  25.0 "C, t h e  f l a s k  was f i l l e d  t o  
t h e  mark w i t h  s tock  b u f f e r  s o l  u t i o n ,  cooled t o  25.0 "C, and then reweighed. 
The we igh t  o f  5.00 m l  o f  t he  s tock  b u f f e r  s o l u t i o n  was 5.2463 g  a t  25.0 "C.  
Next, a  15.00-ml a1 i q u o t  o f  t he  s tock  b u f f e r  s o l u t i o n  was d i l u t e d  t o  t h e  
mark i n  a  100-ml vo lume t r i c  f l a s k  and thorough ly  shaken. Another c lean, 
dry ,  5-ml vo lume t r i c  f l a s k  was weighed empty a t  25.0 "C, f i l l e d  t o  t h e  
mark w i t h  t he  d i l u t e d  b u f f e r  s o l u t i o n  a t  25.0 "C, and then  reweighed. The 
we igh t  o f  t he  5.00 m l  o f  d i l u t e d  b u f f e r  was 5.0060 g. The dens i t y  o f  t h e  
s tock  s o l u t i o n  o f  t he  b u f f e r  was [5.2463 g  / 5.00 m l ]  = 1.0493 g/ml and 
t h e  d e n s i t y  o f  t h e  d i l u t e d  b u f f e r  s o l u t i o n  was [5.0060 g/ 5.00 r n l ]  = 
1.0010 g/rnl . The rnol a1 i ty o f  t h e  d i l u t e d  b u f f e r  s o l u t i o n  was than  
ca l  c u l  a t e d  u s i  ng equa t ion  1  I, where 
Do = 1.0493 g/ml D  = 1.0010 g/ml 
mO = 0.2500 m V = 0.1000 l i t e r  
VO = 0.0150 l i t e r  
and M was 139.04, t h e  average m o l e c u l a r  w e i g h t  s i n c e  t h e  s o l  u t i o n  was 
0.2500 m i n  b o t h  potass ium d i  hydrogen phosphate and d isod ium hydrogen 
phosphate. S u b s t i t u t i n g  these values i n t o  equa t ion  11, and s o l v i n g ,  gave 
Accord ing  t o  Bates and Gary ( 9 ) ,  m s h o u l d  have been 0.03750 g i v i n g  1 .8  % 
r e l a t i v e  e r r o r  i n  t h e  m o l a l i t y .  The P(aHtyC1-)  v a l u e  f o r  m = 0.03750 
i s  6.940 a t  25.0 O C  and by a  g r a p h i c a l  e x t r a p o l a t i o n  o f  p(aHtYC1-)  verses 
rn, t h e  exper imen ta l  va lue  o f  0.03819 rrl gave a  va l  Ue o f  6.938 f o r  p(aHtyCl-) 
a t  25.0 " C .  An a b s o l h t e  e r r o r  o f  -0.002 was observed, which was o f  t h e  
same o r d e r  as t h e  exper imenta l  e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  p(aH+yC1-) 
and was i n s i g n i f i c a n t  even though i t  m i g h t  be used as a  c o r r e c t i o n  i n  t h e  
eva l  u a t i o n  o f  pK", t h e  smal l  re1 a t i  ve e r r o r  o f  0.03 % which was o b t a i n e d  
f u r t h e r  i n d i c a t e d  t h a t  t h e  e r r o r  was i n s i g n i f i c a n t .  
C. C a l c u l a t i o n  -- o f  t h e  Average Value o f  t h e  I o n i z a t i o n  Constant 
S o l u t i o n s  c o n t a i n i n g  t e n  d i f f e r e n t  concen t ra t ions  o f  an ac id ,  HA, a t  
a  minimum o f  t h r e e  d i  f f e r e n t  i o n i c  s t r e n g t h s  were used t o  eva l  u a t e  t h e  
thermodynamic va lues o f  t h e  i o n i z a t i o n  c o n s t a n t  by  t h e  e q u a t i o n  
where t h e  a c t i v i t y  c o e f f i c i e n t  te rm was a cons tan t  a t  any p a r t i c u l a r  i o n i c  
s t r e n g t h  and temperature once i t  was evaluated.  The s o l u t i o n  o f  t h e  equa- 
t i o n  i n v o l v e d  t h e  a d d i t i o n  o r  s u b s t r a c t i o n  of a cons tan t  term frorn t he  
sum o f  two o t h e r  terms, p(aH+yC1-) - l o g  [(A-A1)/(A2-A)], which i s  
P ( K ~ ~ ~ ~ ~ - / Y ~ - ) ,  as w i  11 be seen 1 a t e r .  The average va l  ue of  p K i  a t  each 
i o n i c  s t r e n g t h  was equal t o  
where n was t h e  t o t a l  number o f  P ( K ; * ~ ~ ~ - / ~ ~ - )  va l  ues a t  each i o n i c  
s t r e n g t h  and a was equal t o  loglO (yC1 - I y X - ) .  Th i s  can be expanded t o  
y i e l  d 
an equat ion  where the  cons tan t  has been separated f rom the i n i t i a l  equa t ion  
w i t h o u t  changing t he  va lue o f  t he  equat ion.  The terms can now be recom- 
b i ned  t o  y i e l  d 
a  much simp1 i f i e d  way t o  eva lua te  t h e  average va lue  o f  t h e  therrr~odyr~amic 
i o n i z a t i o n  cons tan t .  A s i m i l a r  re1 a t i o n s h i p  ho l  ds f o r  ac ids o f  o t h e r  
charge types,  such as Hx-. 
D. C a l c u l a t i o n  -- o f  t h e  Standard Dev ia t i on  - o f Thermodynamic Values -- o f  the  
I o n i z a t i o n  Constants 
The s tandard  d e v i a t i o n  o f  a  s e r i e s  o f  groups o f  numbers can be 
c a l  cu l  a ted  f o r  t h a t  s e r i e s  i f  t h e  s tandard  d e v i a t i o n  o f  each o f  t he  
groups o f  numbers i s  known. I f  each group i s  composed o f  i numbers 
then t h e  s tandard  d e v i a t i o n  o f  t h e  k@. group i s  g i ven  b y  
i ( x i - x i )  [' n-1 '1 
where s  i s  t h e  s tandard  d e v i a t i o n  o f  group k, xi i s  any number i n  
group k, Xi  i s  t h e  average o f  t he  numbers o f  group k, and n  i s  t h e  
t o t a l  number o f  v a r i a b l e s  i n  group k. The var iance,  V,  f o r  one group 
i s  
and t h e  var iance f o r  k  groups, Vt , i s  
where N  i s  t h e  sum o f  a1 1  t he  va r i ab les  and k  i s  t h e  number o f  groups. 
I f  one s u b s t i t u t e s  
then  
G 
k  [ (n -1 )sk21  
Vt = , which when expanded y i e l d s  
N- k  
The s tandard  d e v i a t i o n  f o r  k  groups, st ,  i s  g iven  by 
The p K i  va lue  f o r  4 -n i  t rophenol  a t  i o n i c  s t r e n g t h  el, was c a l c u l a t e d  
us ing  a l l  t h e  P ( K ~ * y C 1 - / Y X - )  values ob ta i ned  a t  i o n i c  s t r e n g t h  el. Then 
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mp, w h i l e  i n  t h i s  s tudy,  t h a t  wavelength o f  rnaximurr~ abso rp t i on  was f i r s t  
observed a t  399 mp. I n  o r d e r  t o  a s c e r t a i n  which wavelength was c o r r e c t ,  
t h e  spec t ra  of  4-n i t rophenol  i n  bo th  i t s  complete ly  d i s s o c i a t e d  and un- 
d i s s o c i a t e d  forms was recorded from 550 mp t o  280 mp on two d i f f e r e n t  
Beckman DB spectrophotometers and one Beckman DK-IA spectrophotometer.  
The wavelength o f  t h e  maximum absorp t ion  o f  t h e  4 -n i  t rophenol  a t e  anion, 
when recorded on t h e  two Beckman DB spectrophotometers,  occurred a t  398 
mp and 399 mp. When recorded on t h e  Beckman DK-IA, i t  occurred a t  406 
mp. A check o f  t he  t h r e e  spectrophotometers was then made f o r  wavelength 
accuracy, us i ng  a Holmium f i l t e r ,  f o r  which an absorp t ion  maximum was 
i n d i c a t e d  on t he  two Beckman DB spectrophotometers a t  a  wavelength o f  
416.1 mu and on the  Beckman DK-IA a t  a  wavelength o f  422.8 mu, w h i l e  t he  
c o r r e c t  value was 418.4 mp + 1.1 mp. The wavelength i n d i c a t e d  by t he  two 
Beckman DB spectrophotometers was 2.3 mp l owe r  than t h e  c o r r e c t  va lue 
w h i l e  t h e  wavelength i n d i c a t e d  by the  Beckman DK-IA was 4.4 mp h i g h e r  
than t h e  c o r r e c t  val  he. I t  appeared then, t h a t  t h e  c o r r e c t  va lue  o f  the  
wave1 ength o f  t he  maximum absorp t ion  o f  the  4-n i  t rophenol  a t e  an ion was 
401.3 mp + 1.1 mu. Th i s  agreed very we1 1 w i t h  t h e  va l  ue o f  401 mu re -  
po r t ed  by F i c k l i n g ,  F ischer ,  Mann, Packer and Vaughan (25),  
The wavelength maximum o f  the  4 -n i  t ropheno la te  an ion a t  401 mu was 
s e l e c t e d  f o r  s tudy  because i t  was t he  maximum wi  t h  t h e  1 ongest wavelength 
and i t  was a l so  t h e  maximum t h a t  showed the  g r e a t e s t  d i f f e r e n c e  i n  absor- 
bance between t h a t  o f  t he  a c i d  and i t s  anion. 
Two independant se t s  o f  data were c o l l e c t e d  f o r  t he  e v a l u a t i o n  o f  t he  
thermodynamic va l  ue o f  t he  i o n i z a t i o n  cons tan t  o f  4 -n i  t ropheno l  . Tha t  
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The eva l  u a t i o r ~  o f  t h e  n e g a t i v e  l o g a r i t h m  o f  t h e  thermodynamic va l  ue o f  
t h e  i o n i z a t i o r ~  cons tan t ,  K i ,  was done i n  two p a r t s .  S ince  t h e  p(aH+yC1-) 
va lues were r e p o r t e d  by Bates and Gary ( 9 )  f o r  t h e  b u f f e r s  used, and t h e  
r a t i o  o f  t h e  mo la r  c o n c e n t r a t i o n  o f  t h e  an ion t o  t h e  mo la r  c o n c e n t r a t i o n  
o f  t h e  u n d i s s o c i a t e d  a c i d  was measured e x p e r i m e n t a l l y  and o b t a i n e d  f rom 
t h e  r e l a t i o n  [s] , t h e  sum o f  these two terms was e v a l u a t e d  and re -  
corded i n  Tabl  e  3  as P ( K ; . ~ ~ ~ - / ~ ~ - ) .  The v a l i d i t y  o f  t h e  1  a t t e r  te rm 
was demonstrated.  A  rearrangement o f  e q u a t i o n  7 and a  comb ina t ion  o f  
terms y i e l  ded 
S ince  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  u n d i s s o c i a t e d  a c i d  was t a k e n  as 
u n i t y ,  t h i s  e q u a t i o n  reduced t o  
Equa t ion  16 was used t o  e v a l u a t e  t h e  values o f  P ( K ~ - ~ ~ ~ - / Y ~ - )  f o r  t h e  
d a t a  recorded  i n  Tabl  e  2 w i t h  t h e  c o r r e c t  va l  ue o f  p ( a  +y - )  f o r  each H C1 
I 
i o n i c  sg reng th  a t  25.0 " C  as recorded by Bates and Gary ( 9 ) .  An average 
v a l u e  o f  p ( K ~ ' y C 1 - / y X - )  a t  t h e  i o n i c  s t r e n g t h  0.0500 was c a l c u l a t e d  t o  
1 
be 7.137 f o r  t h e  f i r s t  r u n  w i t h  a  s tandard  d e v i a t i o n  o f  0.002 and 7.142 1 
f o r  t h e  second r u n  w i t h  a  s tandard  d e v i a t i o n  o f  0.001. The average 
va lue  o f  P ( K ~ . ~ ~ ~ - / ~ ~ - )  a t  t h e  i o n i c  s t r e n g t h  0.1000 was c a l c u l a t e d  t o  be 
7.147 f o r  t h e  f i r s t  r u n  w i t h  a  s tandard  d e v i a t i o n  o f  0.002 and 7.143 f o r  
t h e  second r u n  w i t h  a  s tandard  d e v i a t i o n  o f  0.003. The average va l  ue o f  
1 
P ( K ~ . ~ ~ ~ - / ~ ~ - )  a t  t h e  i o n i c  s t r e n g t h  o f  0.1500 was 7.160 f o r  t h e  f i r s t  r u n  I 
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Tab1 e 3. Cal cu l  a t i o n  o f  p ( ~ ~ ~ ~ ~ - / ~ ~ - )  4-Ni trophen~l f o r  
T = 25.0 O C  and A = 401 MU 
4-Ni t ropheno l  I o n i c  Log 
M x 10+5 S t renq th  
- A- A1 A2-A A-A1 /A?-A P ( K;yC1 - /yX-)  
6.000 
Average 
Std.  Dev. 
Average 
Std.  Dev. 
6,000 
Average 
S td .  Dev. 
a p(a,,+ yC1-) = 7.026, 6.974, and 6.940 a t  i o n i c  s t r eng ths  o f  0.05, 0.10, 
and 0.15, r e s p e c t i v e l y  ( 5 ) .  
each i o n i c  s t r e n g t h ,  f o r  t h e  same pararrleters Bai and B, and t h e  average 
values o f  a l l  t he  p K i  values f o r  t h e  same parameters,  Bai and 8, were 
determined. The parameters o f  Bai  and which gave t h e  s m a l l e s t  sum 
were cons idered t h e  "bes t  parameters" and t h e  cor responding va lue o f  t h e  
average pKs was cons idered  t h e  b e s t  va lue  o f  t h e  nega t i ve  l o g a r i t h m  o f  t h e  
thermodynarrli c  va lue  o f  t h e  i o n i z a t i o n  constant .  
Robinson and Biggs (4 )  u t i l i z e d  t h e  f i r s t  method t o  eval  uate t he  
a c t i v i t y  c o e f f i  c i e n t .  They determined t he  pH o f  the  s o l  u t i  ons exper iment-  
a l l y .  The work ing  equa t ion  they used t o  c a l c u l a t e  t h e  pKs va lue  o f  4- 
n i  t rophenol  was 
where a was t h e  f r a c t i o n  o f  4 -n i t ropheno l  p resen t  as t h e  an ion  and t he  
o t h e r  terms have a l ready  been de f ined .  S ince  t h e  pH, measured exper iment-  
a l l y ,  was a c t u a l l y  t h e  - l o g  aH+, t he  a c t i v i t y  c o e f f i c i e n t  o f  c h l o r i d e  d i d  
n o t  have t o  be eva lua ted  sepa ra te l y .  Only t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  
. 
4-n i  t ropheno l  a t e  an ion needed t o  be eva l  uated. Robinson and Biggs (4) 
used t h e  extended form of t h e  Debye-HLckel equa t ion  o r  t h e  Guggenheim 
equa t ion ,  equa t ion  4 ,  t o  eva lua te  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  4- 
n i t r o p h e n o l a t e  an ion  i n  s o l u t i o n ,  where Bai was s e t  equal t o  1.0 and B 
was s e t  equal t o  0.2. They assumed t h a t  t h e  va lue  o f  t h e  c l o s e s t  d i s t ance  
o f  approach o f  t h e  ions  was a  = 3.04 " A ,  b u t  s t a t e d  t h a t  t h i s  was pro- 
bab l y  too  low f o r  4 -n i t r opheno la te  an ion and compensated f o r  t h i s  w i t h  an 
i nc rease  i n  t h e  c o e f f i c i e n t  o f  t h e  l i n e a r  term, B. The Guggenhein equa- 
t i o n  was developed f o r  a c t i v i t y  c o e f f i c i e n t s  o f  charged spec ies ,  i n  s o l  u- 
t i o n s  w i t h  i o n i c  s t r eng ths  g r e a t e r  than  0.10, which d i d  n o t  obey t he  
s imp le  Debye-Hickel equat ion.  I n  o r d e r  t o  d i r e c t l y  compare t h e  r e s u l t s  o f  
t h i s  work w i t h  the  r e s u l t s  ob ta ined  by Robinsor1 and Blggs, the  data ob- 
I 
1 t a i n e d  i n  t h i s  exper iment was evaluated by t h e  equat ion  
I 
I 
where Bai = 1.0 and a = 0.2, and t h e  f ou r t h  and f i f t h  terms o f  t h e  
I 
1 equat ion  were thus used t o  c a l c u l a t e  t he  a c t i v i t y  c o e f f i c i e n t  o f  t h e  4- 
I I 
I n i  t rophenol  a t e  anion. The simp1 e  Debye-Huckel equat ion,  
I 
I 
- l o g  ycl- = A J;; 1 + Bai  4 ' 
! 
I was used t o  c a l c u l a t e  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t he  c h l o r i d e  ion ,  w i t h  
I 
A = 0.51 08 and Bai = 1  .5, which a re  t h e  s tandard  va l  ues used t o  eva l  ua te  
I 
l o g  yC1- , f o l  l ow ing  t he  convent ion used by G. Scatchard and L. G. Eps te i n  
( 29 ) ,  and by Bates and Guggenheim (10) .  The average values o f  t he  negat i ve  
l o g r i  thm o f  the  thermodynamic val  ue o f  t he  i o n i z a t i o n  constant,  c a l c u l  a ted  
f o r  each va lue  o f  P ( K ~ - ~ ~ ~ - / ~ ~ - )  a t  each i o n i c  s t r eng th ,  ui , l i s t e d  i n  
Tab le  3  was 7.136, 7.138, 7.145 a t  i o n i c  s t r eng ths  o f  0.0500, 0.1000, a r~d  
0.1500, r e s p e c t i v e l y ,  a t  25.0 "C.  D e t a i l s  a re  presented i n  Table 4. Equa- 
t i o n  I8  was s i m i l a r  t o  t he  equat ion  used by Robinson and B i  ggs (4 )  except  
t h a t  they used pH i n s t e a d  o f  t he  terms P(aH+yC1-) + l o g  yC1-. Th i s  work 
gave an average va lue  a t  a1 1  i o n i c  s t r eng ths  f o r  t he  p K i  o f  4 -n i  t rophenol  
o f  7.140. The average va lue o f  pK: o f  4 -n i t ropheno l  ob ta ined  by Robinson 
ang Biggs ( 4 )  was 7.149, t h e  d i f f e r e n c e  between t h e i r  va lue  and t h e  va l  ue 
ob ta i ned  i n  t h e  present  s tudy  be ing  0.009 pKa u n i t s ,  which was a  f a i r l y  
good agreement. For  a1 1  p r a c t i c a l  purposes, t he  va lue  ob ta i ned  by Robin- 
son and Biggs was d u p l i c a t e d  by t h i s  method o f  e v a l u a t i o n  o f  the  a c t i v i t y  
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A f t e r  c a r e f u l l y  examining t h e  paper. by Robinson and Biggs, i t  was 
found t h a t  they  d i d  n o t  r e p o r t  observ ing  any absorbance f o r  t he  und issoc i -  
a ted  4 -n i  t rophenol  , w h i l e  i n  t h i s  1  abora to ry ,  a  smal l  absorbance was found 
f o r  t he  complete ly  und issoc ia ted  4 -n i t ropheno l  a t  t he  wavelength maximum 
of t h e  d i s s o c i a t e d  4-n i  t rophenol  a t e  anion. A smal l  absorbance f o r  t he  
und issoc ia ted  4-n i  t rophenol  a t  491 mu was a l s o  observed by F i c k l  i ng, 
F ischer ,  Mann, Packer, and Vaughan (25) ,  who repo r ted  a mo la r  a b s o r p t i v i t y  
o f  38, Robinson and Biggs (4 )  eva lua ted  t h e  f r a c t i o n ,  a, o f  4 -n i t ropheno l  
p resen t  as the anion. When a smal l  compensation was made f o r  t he  und issoc i -  
a ted  4 -n i  t rophenol  , us ing  t he  da ta  presented by Robinson and B i  ggs , a new . 
va lue f o r  p K 3 a s  obta ined.  The equat ion  used by Robinson and Biggs t o  
c a l c u l a t e  pK8 was 
p K i  = pH - l o g  - l o g  Y x - 3  
where t h e  pH was 6.818, t o  which they a p p l i e d  a pH c o r r e c t i o n  o f  0.001, a 
was 0.374, and - l o g  yX- was 0.105, g i v i n g  a va lue f o r  p K i  o f  7.146. The 
c o r r e c t i o n  t o  a was made i n  t h i s  1  abora to ry  by us ing  t he  mo la r  a b s o r p t i v i t y  
o f  38 g iven  by F i c k l i n g  (25) f o r  t he  und issoc ia ted  4 -n i  t rophenol  and t he  
concen t ra t i on  o f  4 -n i t ropheno l  g iven by Robinson and Biggs o f  7.1 54 x  l o m 5  
M and then  c a l c u l a t i n g  t he  absorbance o f  t he  s o l u t i o n .  Th is  gave an 
- 
absorbance va l  ue o f  0.003 f o r  t h e  und issoc i  a ted 4 -n i  t rohpenol  . Th is  absor- 
bance va lue was then  subs t rac ted  from the  absorbance va lue o f  0.490 l i s t e d  
f o r  a  pH = 6.81 8 and mo la r  concen t ra t i on  o f  4 -n i  t rophenol  o f  7.1 54 x  
M. A new mo la r  a b s o r p t i v i t y  va l  ue was then c a l c u l a t e d  f o r  t h i s  s o l  u t i o n  
- 
o f  4-n i  t rophenol  and t h e  va lue  ob ta ined  d i v i d e d  by t h e  mo la r  a b s o r p t i v i t y  
va l  ue o f  18,330 f o r  t he  4 -n i  t rophenol  when i t  was complete ly  d i ssoc ia ted .  
The va l  ue f o r  a was found t o  be 0.371 , and w i t h  t he  same values f o r  pH, 
- l o g  yX- , and pH c o r r e c t i o n  as g i ven  be fo re ,  a  va lue o f  7.1 53 was 
c a l c u l a t e d  f o r  t he  pK; o f  4 -n i t ropheno l .  'This i n d i c a t e d  t h a t  a  d i f f e r e n t  
va lue f o r  t he  p K i  o f  4 -n i t ropheno l  m igh t  o f  been ob ta ined  by Robinson 
and Biggs if they would o f  observed t h e  smal l  absorbance from the  
complete ly  und issoc i  a ted  4-n i  t rophenol  . 
I n  t he  second method t h e  values o f  pK; o f  4 -n i t ropheno l  were c a l c u l a t e d  
by t he  equat ion  
where A  was 0.5108. Thus, equa t ion  2, was u t i l i z e d  t o  eva lua te  t he  
a c t i v i t y  c o e f f i c i e n t  o f  t h e  4-n i  t rophenol  a t e  anion, and equat ion  7 b t o  
eva lua te  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  c h l o r i d e  i o n .  D e t a i l s  have been 
presented i n  Table 4. The parameter Bai was determined by successive 
approx i r r~a t io r~s  t o  be 3.1. Th is  was done by s u b s t i t u t i n g  d i f f e r e n t  values 
i n t o  equa t ion  19 i n  p l ace  o f  t he  Bai and c a l c u l a t i n g  a  va lue o f  p K i  a t  
each i oni  c  s t r eng th .  The same va l  ue, t h a t  was used i n p l  ace o f  Bai , was 
used t o  c a l c u l a t e  a  va l  ue o f  pK: a t  each i o n i c  s t r eng th .  Th is  val  ue was 
v a r i e d  from 0.5 t o  4.0. A f t e r  c a l c u l a t i n g  a l l  t he  r e s u l t s ,  t h e  va lue 3.1 
gave a  rr~iminum valhe f o r  t h e  sum o f  t h e  squares o f  t he  d i f f e rences  between 
t he  va lue o f  t h e  pKO, a t  each i o n i c  s t r e n g t h  and t h e  average va lue of t he  
pKs f o r  a1 1  t he  i o n i c  s t r eng ths .  The c a l c u l a t i o n s  gave average pK>al ues 
o f  7.122, 7.117, 7.122 a t  i o n i c  s t r eng ths  o f  0.0500, 0.1000, and 0.1500, 
r e s p e c t i v e l y ,  a t  25.0 "C. The average o f  a l l  t h ree  val  ues, r ep resen t i ng  t h e  
b e s t  pKs values, was 7.120 w i t h  a  s tandard  d e v i a t i o n  o f  0.003. 
The da ta  i n  Tab1 e  4, i n  which has been 1  i s t e d  t he  pK; values o f  4 -n i  t r o -  
phenol ob ta ined  when t he  a c t i v i t y  c o e f f i c i e n t  term was eva lua ted  by bo th  
t he  extended ~ e b ~ e - ~ i i c k e l  equat ion u t i  1  i z i  ng f i x e d  parameters o f  Bai and 
B, t h e  f i r s t  method, and t he  s imp le  ~ e b ~ e - ~ i c k e l  equat ion,  t h e  second method, 
has shown t h a t  t h e  manner i n  which t he  a c t i v i t y  c o e f f i c i e n t  term was eva l  u- 
a t e d  d r a s t i c a l l y  a f f e c t e d  t h e  c a l  cu l  a t e d  n e g a t i v e  1  oga r i  thrn o f  t h e  thermo- 
dynami c  va l  ue o f  t h e  i o n i  z a t i  on cons tan t .  
The t h i  r d  method o f  eva l  u a t i  ng t h e  a c t i v i t y  c o e f f i c i e n t  terrn i nvo l  ved 
numerous c a l c u l a t i o n s  so a  computer program was w r i t t e n  t o  e v a l u a t e  equa- 
t i o n  4 w i t h  v a r i a b l e  parameters Bai and B and c a l c u l a t e  t h e  nega t i ve  
l o g a r i t h m  o f  t h e  thermodynamic va l  ue o f  t h e  i o n i z a t i o n  cons tan t .  Th i s  
program wh ich  has been r e p o r t e d  elsewhere by  Cox (15) was w r i t t e n  t o  c a l -  
c u l a t e  a  va lue f o r  p K i  i n  t h e  equa t ion  
where p(aH+yC1-) - 109 was t h e  average va l  ue f o r  (KayC1 -/yX-) 
a t  each i o n i c  s t r e n g t h ,  Tab le  3, Bai was a  parameter v a r i e d  f rom 0.5 t o  
7.0 i n  increments  o f  0.1,  B was a  parameter v a r i e d  f rom -5.0 t o  +7.0 i n  
increments  o f  0.05, and A was t h e  va lue  o f  t he  s l o p e  i n  t h e  ~ e b ~ e - ~ i c k e l  
Onsager equat ion.  The same va lue  o f  Ba i  and B was used t o  c a l c u l a t e  t h e  
pK5 a t  each i o n i c  s t r e n g t h ,  these values o f  t h e  pK",ere than averaged and 
t h e  average was p r i n t e d  o u t  w i t h  t h e  cor responding va l  Ues of Bai and B .  
The sum o f  t h e  squares o f  t h e  d i f f e r e n c e  between each p K i  va l  ue c a l c u l a t e d  
a t  each i o n i c  s t r e n g t h ,  f o r  t h e  same parameter values Bai and B, and t h e  
average va lue  o f  a l l  t h e  p K i  values f o r  t h e  same parameter va lues,  Bai and 
B y  was than c a l c u l  a t ed  and p r i n t e d  o u t .  A lso  p r i n t e d  o u t  was t h e  sum o f  
t h e  term 
t h a t  was added o r  subs t ra ted  frorn t he  average va lue  o f  t h e  te rm p ( K i '  
JYX-) a t  each i o n i c  s t r eng th .  Then by l o o k i n g  a t  t h e  p r i n t  o u t  o f  
t h e  sum o f  t h e  squares o f  t he  d i f f e r e n c e s  between t h e  p K i  values c a l c u l a t e d  
a t  each i o n i c  s t r e n g t h  and the  average va lue  o f  a1 1  t he  p K i  va l  ues, t h e  
minimum val  ue was found f o r  t he  sum o f  t h i s  d i f f e r e n c e s  squared correspond- 
i n g  t o  a  p a r t i c u l  a r  v a l l ~ e  o f  the parameters Bai and @ ,  and the  b e s t  
average va lue  f o r  t h e  thermodynamic value o f  t h e  i o n i z a t i o n  cons tan t  was 
obta ined.  The magnitude o f  t h e  c o r r e c t i o n  f o r  t he  a c t i v i t y  c o e f f i c i e n t s  
a t  each i o n i c  s t r e n g t h  can a l s o  be ob ta ined  by f i n d i n g  the corresponding 
c o r r e c t i o n  i n  the  p r i n t  o u t  o f  equa t ion  2 7 .  
Paabo, Bates, and Robinson (18) gave t h e  number 0.5108 rep resen t i ng  
Azf f o r  a  1  :l e l e c t r o l y t e  a t  25 O C  as be ing  the  c o r r e c t  va lue  f o r  t h e  
parameter A i n  t he  ~ e b ~ e - ~ c c k e l  -onsager equat ion.  However, accord ing t o  
Robinson and Stokes (20 ) ,  t he  va lue t h a t  should have been used was 0.51 15. 
The prograrn was sepa ra te l y  executed w i t h  each va lue  o f  AZ:; the b e s t  
thermodynarni c  va l  ue o f  the  i o n i z a t i o n  cons tan t  o f  4 -n i  t rophenol  f o r  AZ' = i 
0.5108 was 7.120 w i t h  parameter values o f  Bai = 3.1 and B = 0.00 and 
f o r  A Z ?  = 0.51 15 was 7.120 w i t h  parameter va l  ues o f  Bai = 3.1 and @ = 
1 
0.00. The two values f o r  t h i s  pK$ were d i f f e r e n t  i n  t he  4 f i  p lace  a f t e r  t h e  
decimal p o i n t  which was n o t  s i g n i f i c a n t l y  d i f f e ren t .  The va l  ues 1  i s t e d  by 
Robinson and Stokes f o r  t he  parameter A w . i l l  be used i n  ca l  cu l  a t i n g  a1 1  
t he  a c t i v i t y  c o e f f i c j e n t s  f o r  t he  de te rmina t ion  o f  the  va lue o f  t h e  thermo- 
dynamic i o n i z a t i o n  cons tan t  whenever an a c t i v i t y  c o e f f i c i e n t  must be 
ca l  cu l  ated. 
A r~onlir~ear-least-squares prograrn w r i t t e n  by D. W .  Marquardt and pro- 
grammed by T. Baumeister 111 , J .  Ann She1 don and Ruby M. S tan ley  was 
borrowed f rom J. T y r r e l l  (24) ,  who helped a l t e r  the program t o  handle the 
data o f  the  p resen t  s tudy  f o r  e v a l u a t i n g  the  b e s t  thermodynamic val  ue o f  
t he  i o n i z a t i o n  cons tan t  f rom t h e  expe r imen ta l l y  determined p(~$.y~.-/~~-) 
a t  each i o n i c  s t r eng th .  An average va lue  o f  p K i  o f  7.120 + 0.003 pK u n i t s ,  
us i ng  a va lue f o r  t he  parameter Bai o f  3.12 t 0.24, was c a l c u l a t e d  f o r  
t h e  thermodynamic va l  ue o f  t he  i o n i z a t i o n  cons tan t  o f  4 -n i  t rophenol  by 
t h i s  program. Th i s  value agreed w e l l  w i t h  t h e  p K u a l u e  of  7.120 
c a l c u l a t e d  by t he  o t h e r  program. The r e s u l t s  ob ta i ned  f rom the  use o f  
t h i s  computer program i n d i c a t e d  t h a t  t he  data ob ta i ned  i n  t h e  p resen t  
s tudy  was very  p rec ise ,  p r e c i s i o n  be ing  a f a i r  i n d i c a t i o n  o f  accuracy. 
F i  c k l  i ng,, F ischer ,  Mann , Packer and Vaughan (25) eval  ua ted  t he  thermo- 
dynamic va l  ue o f  t he  p K i  o f  4-ni t rophenol  spect rophotometr i  ca l  ly .  Val ues . 
o f  pK: o f  7.155, 7.153, 7.146, 7.153, and 7.150, f o r  t he  i o n i c  s t r eng ths  
o f  0.01, 0.015, 0.02, 0.02, and 0.04, r e s p e c t i v e l y  were ob ta ined  by them. 
A c o l o r i m e t r i c  determi n a t i o n  o f  t he  thermodynamic va l  ue o f  t he  i o n i z a t i o n  
cons tan t  o f  4 -n i t ropheno l  was done by Judson and K i l p a t r i c  (26) ,  w i t h  a  
va lue o f  7.14 be ing  obta ined.  Luden ( 1  7) determined a p K i  va lue o f  6.91 
p o t e n t i o m e t r i  ca l  l y  , and M i  chael i s  and Gyemant (27) o b t a i  ned a p K D a 1  ue 
o f  7.09 p o t e n t i o m e t r i  ca l  ly.  
The b e s t  va lue o f  p K i  o f  4-n i  t rophenol  a t  25.0 "C determined by t he  
p resen t  s tudy  was 7.120 + 0.003. On t h e  bas i s  o f  t h e  c a l c u l a t e d  values, t he  
use o f  t he  extended ~ e b ~ e - ~ i c k e l  equa t ion  w i t h  v a r i a b l e  parameters Ba i  and 
B was n o t  warrented s i nce  t he  p K i  o f  4 -n i  t rophenol  eva lua ted  w i t h  t h i s  
equa t ion  gave t he  same answer as determined by us ing  t he  s imp le  ~ e b ~ e - H k k e l  
equa t ion  w i t h  a  v a r i a b l e  parameter Bai , a1 though t h i s  m igh t  n o t  be t r u e  i n  
every  case. Using t h e  computer program t o  eva lua te  t he  a c t i v i t y  c o e f f i c i e n t s  
by t h e  extended ~ e b ~ e - ~ k k e l  equa t ion  w i t h  t he  v a r i a b l e  parameters Bai  and 
B ,  t h e  s imple ~ e b ~ e - ~ l c k e l  equa t ion  i s  a l s o  t e s t e d  s i n c e  t he  parameter B  
i s  v a r i e d  through zero so t h a t  i t  can be e a s i l y  seen whether t he  extended 
Debye-Hickel equa t ion  i s  needed o r  i f  t h e  s imp le  Debye-Hickel equa t ion  w i l l  
s u f f i c e .  On t h e  o t h e r  hand us ing  t he  extended 13ebye-Hkkel equa t ion  w i t h  
v a r i a b l e  parameters Bai and p and de te rmin ing  t h e  bes t  p K i  va l  ue by 
f i n d i n g  t he  sma l l es t  sum o f  t h e  squares o f  t he  d i f f e r e n c e  between each pKz 
va lue c a l c u l a t e d  a t  each i o n i c  s t r eng th ,  f o r  t h e  same parameter values Bai 
and 6, and t he  average va lue  o f  a1 1 the  pKg values f o r  t h e  same parameter 
values Bai and B ,  gives a b e t t e r  s t a t i s t i c a l  e v a l u a t i o n  o f  pK i  than 
ass ign ing  a p a r t i c u l a r  va l  ue o f  Bai and B .  It would appear t h a t  t h e  
b e s t  method o f  e v a l u a t i n g  t h e  a c t i v i t y  c o e f f i c i e n t  term t o  determine t h e  
thermodynamic va lue o f  t h e  i o n i z a t i o n  cons tan t  i s  by t h e  t h i r d  method. 
The spect rophotometr i  c  determi n a t i o n  o f  t h e  thermodynamic va l  ue o f  t he  
i o n i z a t i o n  constant  f o r  an a c i d  us ing  a b u f f e r  w i t h  an accu ra te l y  known 
thermodynami c  a c i d i t y  f unc t i on ,  (aHtYC1-)  , g i ven  by Bates and Gary (9). 
i n s t e a d  o f  measuring t h e  pH o f  t he  b u f f e r  s o l u t i o n ,  was s u i t a b l e  f o r  de te r -  
m in ing  accura te  and reproducabl e  val ues o f  t h e  thermodynamic val  ue o f  t he  
i o n i z a t i o n  constant .  Th i s  s i m p l i f i e d  rnethod gave r e s u l t s  t h a t  were i n  t he  
same range as val  ues recorded i n  t h e  1 i t e r a t u r e .  
Thus t h e  negat i ve  l o g a r i t h m  o f  t h e  thermodynamic va lue f o r  t h e  i o n i z a -  
t i o n  cons tan t  o f  4 -n i t ropheno l  was determined t o  be 7.120 + 0.003 a t  25.0 
" C  us i ng  t h e  spec t ropho tomet r i c  method advanced by Bates and Gary ( 9 ) .  
V. CONCLUSION 
The nega t i ve  logar thm o f  t h e  thermodynamic va l  ue f o r  t h e  i o n i z a t i o n  
cons tan t  of 4 -n i t ropheno l  was determined t o  be 7.120 + 0.003 a t  25.0 "C 
us ing  t h e  spect rophotornet r ic  method advanced by Bates and Gary ( 9 ) .  
I t  was shown t h a t  the  spec t ropho tomet r i c  method f o r  de te rmin ing  t h e  
nega t i ve  1  o g a r i  thrn f o r  t he  thermodynamic va l  ue of t he  i o n i z a t i o n  cons tan t  
us i ng  t he  p ( a  +y C1-) values g i ven  by Bates and Gary (9 )  gave values of  
pK: n e a r l y  i d e n t i c a l  t o  those ob ta i ned  f rom t h e  spec t ropho tomet r i c  method 
used by Robinson and Biggs, where t h e  pH o f  t he  s o l u t i o n  was measured, so 
l o n g  as t h e  a c t i v i t y  c o e f f i c i e n t  terms were handled i n  t h e  same manner. 
The b e s t  va lues o f  t he  parameters i n  t h e  ~ e b ~ e - ~ i c k e l  equa t ion  were 
t h e  va l  ues t h a t  gave t h e  s m a l l e s t  sum o f  t h e  squares o f  t he  d i f f e r e n c e s  
between each pK: va lue  c a l c u l a t e d  a t  each i o n i c  s t r e n g t h  and t h e  average 
va lue  o f  a l l  t h e  pK: values c a l c u l a t e d  f rom the  same parameters a t  a l l  t h e  
i o n i c  s t r eng ths  . 
Now t h a t  t h e  use o f  t h i s  method has been c l e a r l y  demonstrated i n  t h i s  
l a b o r a t o r y ,  i t  w i  11 be p o s s i b l e  t o  proceed w i t h  t h e  s tudy  o f  s u b s t i  t u e n t  
e f f e c t s ,  and thereby  w i t h  t he  design, p r e p a r a t i o n  and s tudy  o f  more 
s p e c i f i c  reagents f o r  de te rmina t ions  o f  t r a c e  i rnpur i  t i e s  i n  wa te r .  Such 
s t u d i e s  a re  c u r r e n t l y  i n  progress.  
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Chapter 5 
FEASIBILITY OF GAS-CHROMTOGRAPH1:C SEPARATION AND 
DETERMINATION OF DERIVATIVES OF NAPHTHOLSULFONIC ACIDS 
Pe te r  C. L i ndah l  and A l b e r t  L. Caskey 
I . INTRODUCTION 
The sepa ra t i on  and i s o l a t i o n  o f  pu re  compounds f rom a r e a c t i o n  
rn ix ture may be  a ted ious  process, e s p e c i a l l y  i n  r e a c t i o n  systems where 
severa l  isorner i  c compounds a r e  produced. The monosul fonated, monohydroxy- 
naph t h a l  ene isomers, t h e  naph t h o l  su l  f o n i  c ac ids  , cons ti t u t e  one such 
systern. A t o t a l  o f  14 i somer i c  n a p h t h o l s u l f o n i c  ac ids a re  poss ib l e .  
Naphthol su l  fon i  c ac ids ,  whi ch a re  t he  s t a r t i n g  m a t e r i a l s  f rom 
which n i  t rosonaph t h o l  s u l  f o n i  c a c i  ds a r e  prepared, a re  usual l y  prepared 
by  s u l  f o n a t i o n  o f  hydroxynaphthal  enes, naphtho ls ,  o r  by s u l  f o n a t i o n  o f  
ami nonaphthalenes , naph thy1 ami nes , which a re  subsequent ly  t ransformed 
i n t o  napb tho lsu l  f o n i c  ac ids  by t h e  c l  ass i  c a l  Bucherer r e a c t i o n .  Dur i  ng 
t h e  s u l f o n a t i o r ~  r e a c t i o n  severa l  s u l  fona ted  isomers a r e  u s u a l l y  formed, 
a r ~ d  t he  c o r ~ d i t i o r ~ s  o f  t he  s u l f o n a t i o n  r e a c t i o n  determine which isomers a re  
formed. 
I t  i s  very  d i f f i c u l t  t o  separate t h e  var ious,  i somer i c  naphthol -  
s u l  f o n i  c  ac ids from each o t h e r  and f rom the  m a t e r i a l s  f rom which they a r e  
synthes ized.  S i m i l  a r l y  , t h e  corresponding n i  t rosonaphtho lsu l  f o n i c  ac ids 
most 1  i k e l y  con ta in  i somer i c  s u l  f o n i  c  ac ids.  Carefu l  s tudy o f  n i  t roso-  
naph t h o l  s u l  f o n i  c  ac ids necess i ta tes  pure compounds ; o b t a i  n i  ng pure n i  t roso-  
naphtholsu l  f o n i c  ac ids i s  perhaps most e a s i l y  accompl i shed  by o b t a i n i n g  
pure  naph t h o l  s  u l  f o n i  c  ac i  ds . 
Gas chromatography has been used f o r  t he  ana l ys i s  o f  a  wide range 
o f  v o l a t i l e  m ix tu res  con ta in i ng  c l o s e - b o i l  i n g  homologs and isomers. 
Nonvol a t i l  e  o r  1  ow-vol a t i l  e  compounds have a l so  been analyzed a f t e r  they 
a re  conver ted t o  more v o l a t i l e  d e r i v a t i v e s .  By eval luat ing t he  gas 
chromatographi c  c h a r a c t e r i s t i c s  o f  va r ious  vo l  a t i  1  e  d e r i  v a t i  ves o f  
n a p h t h o l s u l f o n i c  ac ids and s a l t s ,  i n f o r m a t i o n  may be ob ta ined  f o r  t h e  
qua1 i t a t i  ve and q u a n t i t a t i v e  determi n a t i o n  o f  t h e  corresponding naphthol  - 
s u l f o n i c  ac ids and s a l t s .  
The p repa ra t i on  o f  t he  i somer ic  naphtholsu l  f o n i  c  acids,  o r  s a l t s ,  
t h a t  a re  n o t  commercial ly a v a i l  ab le  must be accomplished, as must t he  
syn thes is  o f  vol  a t i  l e  d e r i v a t i v e s  o f  t h e  corresponding naphtholsu l  fon ic  
ac ids and s a l t s  t h a t  a re  gas chromatographica l ly  s t a b l e .  The optimum 
cond i t i ons  f o r  t h e  gas-chromatographi c  sepa ra t i on  o f  these vo l  a t i  1  e  
d e r i v a t i v e s  , such as co l  umn temperature,  i n  j e c t i  on -por t  temperature, 
co l  ~umn m a t e r i a l ,  s o l  i d  suppor t ,  1  i q u i d  phase, and sample s i z e  must be 
i n v e s t i g a t e d .  The use o f  p repa ra t i ve  gas chromatography t o  o b t a i n  pure 
naphthol  su l  fon i  c  acids necess i ta tes  t he  degradat ion o f  these vol  a t i  1  e  
d e r i v a t i v e s  back t o  t he  paren t  a c i d  o r  s a l t .  P re l im ina ry  s t u d i e s  have 
shown t h a t  t he  acetoxynaphthal enesul fony l  c h l o r i d e s  and t he  methoxy- 
naph t h a l  enesul fonyl  c h l o r i d e s  a re  p romis i  ng vo l  a t i  1  e  d e r i v a t i v e s  f o r  
f u l l  i n v e s t i g a t i o n .  
Thus, t he  u l t i m a t e  goal of t h i s  p r o j e c t  i s  t o  gas chromatograph ica l l y  
p u r i f y  naph tho lsu l  f o n i c  ac ids and s a l t s  so they may be  used t o  design, 
prepare,  and s tudy  p o s s i b l e  reagents use fu l  i n de te rmina t ions  o f  t r a c e  
c o n s t i t u e n t s  i n  w a t e r  ana l ys i s .  
A1 1 o f  t h e  var ious  chromatographic methods excep t  f o r  gas-1 i q u i d  
chromatography have been employed as techniques f o r  t he  sepa ra t i on  o f  t h e  
isomer i  c  naph t h o l  s u l  f o n i  c  ac ids . Paper chromatography has been t h e  most 
f r equen t l y  a p p l i e d  method f o r  t he  ana l ys i s  o f  these acids.  The r e s u l t s  
and cond i t i ons  f o r  the  paper chromatography o f  1  -naphthol  -2-sul  f o n i  c  a c i d  
(1 ,  2, 3, 4 ) ,  1 -naph tho l -3 -su l fon ic  a c i d  (1 ,  2, 3, 4 ) ,  l -naph tho l -4 -  
s u l f o n i c  a c i d  (1 ,  2, 3, 4, 5) ,  1 -naph tho l -5 -su l fon ic  a c i d  (1 ,  2, 3, 4, 5, 
6 ) ,  1 -naph tho l -6 -su l fon ic  a c i d  ( 2 ,  3 ) ,  1 -naph tho l -7 -su l fon ic  a c i d  ( 3 ) ,  
1-naphthol-8-sul  f o n i c  a c i d  ( 1  , 2, 3) ,  2-naphthol-1-sul  f o n i  c  a c i d  (1 ,  2, 3, 
7, 8, 9, l o ) ,  2 -naph tho l -3 -su l fon ic  a c i d  ( 7 ) ,  2 -naph tho l -4 -su l fon ic  a c i d  
(3 ,  7, 10) , 2-naphthol-5-sul  f o n i  c  a c i d  (3 ,  7, l o ) ,  2-naphthol-6-sul  f o n i c  
a c i d  (1, 2, 3, 4, 5, 7, 10, 11, 12, 13, 14),  2 -naph tho l -7 -su l fon ic  a c i d  
(1 ,  2, 3, 4, 7, 10, l l ) ,  and 2 -naphtho l -8 -su l fon ic  a c i d  ( 1 ,  2, 3, 4, 7, 10) 
have been descr ibed i n  the  l i t e r a t u r e .  
Column chromatography ( 1  5) has been used t o  separate 1 -naphthol  -4- 
s u l  f o n i  c  and 2-naph t h o l  -4-s u l  f o n i  c ac ids . 
E lec t ropho res i s  has been u t i l i z e d  t o  i n v e s t i g a t e  1 -naphtho l -4 -su l fon ic  
a c i d  (16) , 1-naphtho l -5 -su l fon i  c  a c i d  (16, 17) , 2-naphthol -1-su l  f o n i  c  a c i d  
(18)  , 2-naphthol -6-sul f o n i  c  a c i d  (1  8, 19) , and 2-naphthol -8-su l  f o n i  c  a c i d  
(18) .  H igh vo l t age  e lec t ropho res i s  has a l s o  been used. The f o l l o w i n g  named 
naphtho lsu l  f o n i c  a c i d  isomers have been i n v e s t i g a t e d :  1-4 (20)  , 1-5 (20) , 2-6 
(20, 21) ,  and 2-8 (20). 
The technique o f  s a l t i n g - o u t  chromatography has been used t o  separate 
1-naphthol-2- and 1-naphthol-4-sul  f o n i  c  ac ids (22) , and 2-naphthol-6- and 
2-naphthol -8-su l fon i  c  ac ids (23)  . 
The s e p a r a t i o n  and i d e n t i f i c a t i o n  o f  t h e  i s o m e r i c  l - n a p h t h o l  s u l  f o n i c  
ac ids  b y  ascendi  ng t h i  n-1 a y e r  chromatograjohy has been r e p o r t e d  ( 2 4 ) .  
The s e p a r a t i o n s  o f  l - n a p h t h o l - 4 - s u l f o n i c  ac id ,  l - n a p h t h o l - 5 - s u l  f o n i c  
ac id ,  2 - n a p h t h o l - 6 - s u l f o n i c  a c i d ,  and 2-naphtho l -8-su l  f o n i c  a c i d  f r o m  
s u l f u r i c  a c i d  u s i n g  a  l i qu id -an ion -exchange  r e s i n  have been s t u d i e d  ( 2 5 ) .  
High-speed 1  i q u i  d  chromatography has been used f o r  t h e  s e p a r a t i o n s  
of  2 - n a p h t h o l - 6 - s u l f o n i c  a c i d  f rom a  h i g h e r  m o l e c u l a r  w e i g h t  i m p u r i t y  
(26)  and from 2-naphthol-3,6-, and 2 -naph tho l -6 ,8 -d isu l fon ic  a c i d s  ( 2 7 ) .  
To o u r  knowledge no one has r e p o r t e d  u s i n g  g a s - l i q u i d  chromatography 
t o  ana lyze  t h e  naph tho1 s u l  f o n i  c  a c i d s  , a1 thouqh gas chromatography has 
been used t o  i n v e s t i g a t e  v o l a t i l e  d e r i v a t i v e s  o f  naphtha lenesu l  f o n i c  a c i d s .  
1  -Naphtha1 enesul  f o n i  c  a c i d  has been chromatographed as l -naph tha1  ene- 
s u l  f o n y l  c h l o r i d e  (28)  , and t h e  2- isomer as t h e  2 -naph tha lenesu l fony l  
c h l o r i d e  ( 2 9 )  and t h e  2 -naph tha lenesu l fony l  f l u o r i d e  (30 )  . The 1- and 
2-naph t h a l  e n e s u l f o n i c  a c i d s  have a1 so been conver ted  t o  t h e i r  co r respond ing  
methy l  e s t e r s  and chromatographed ( 2 8 ) .  
There a r e  s e v e r a l  comprehensive rev iews o f  t h e  n a p h t h o l s u l  f o n i c  
a c i d s  (31,  32) .  The most e x t e n s i v e  1  i t e r a t u r e  su rvey  on t h e  methods o f  
s y n t h e s i s  and t h e  r e a c t i o n s  o f  t h e  n a p h t h o l s u l f o n i c  a c i d s  has been pre-  
sen ted  i n  E l  s e v i e r ' s  E n c y d o p ~ d i u  od Ohgu~Lc  Chem&;ttLy (31)  . The 
p r e p a r a t i v e  methods o f  t h e  t e c h n i c a l l y  i m p o r t a n t  n a p h t h o l s u l  f o n i c  a c i d s  
have been summarized i n  two o t h e r  t e c h n i c a l  chemical  encyc loped ias  (33, 34 ) .  
1  -Acetoxynaphtha l  e n e - 2 - s u l f o n i c  a c i d  (35)  and l - a c e t o x y n a p h t h a l  ene- 
5 - s u l f o n i c  a c i d  ( 3 6 )  have been d e s c r i b e d  i n  t h e  l i t e r a t u r e  a l o n g  w i t h  t h e  
co r respond ing  acetoxynaph t h a l e n e s u l  f o n y l  c h l o r i d e s .  
The methoxynaph t h a l  enesul f o n i  c  a c i d s  prepared by  t h e  r e a c t i o n  of  t h e  
naphtho l  s u l  f o n i  c  a c i d  w i  t h  d ime thy l  s u l  f a t e  have been d e s c r i  bed f o r  t h e  
f o l l o w i n g  named isomers : 1 -rnethoxynaphthalene-3-sul f o n i c  a c i d  ( 37 ) ,  1- 
methoxynaphthalene-4-sul f on i c  a c i d  (37, 38, 39) , l-methoxynaphthalene-5- 
s u l f o n i c  a c i d  (37,  38) , 1-rnethoxynaphthalene-8-sul f o n i  c a c i d  (38)  , 2- 
methoxynaphthalene- 1-su l  fon i  c a c i d  (37, 40) , 2-methoxynaphthal ene-5- 
s u l  for l ic  a c i d  (37)  , 2-methoxynaphthalene-6-sul f o n i c  a c i d  (37)  , 2-methoxy- 
naphthalene- 7-su l  f o n i  c a c i d  (37)  , and 2-methoxynaphthalene-8-sul f o n i  c a c i d  
(37)  . The methoxynaphthalenesul f o n y l  c h l o r i d e s  o f  t h e  cor responding 
rrlethoxynaphthalenesul f on i c  ac ids  have been syn thes ized .  The f o l l  owing 
named methoxynaphthalenesul fonyl  c h l o r i d e s  have been repo r t ed  i n  t h e  
1 i t e r a t u r e :  1 -methoxynaphthal ene-3-sul f o n y l  c h l o r i d e  (37)  , 1 -methoxy- 
naph tha lene-4 -su l fony l  c h l o r i d e  (37, 38, 41) , l-methoxynaphthalene-5- 
s u l  f o n y l  c h l o r i d e  (37, 38) , 1-methoxynaphthalene-8-sulfonyl c h l o r i d e  (38)  , 
2-methoxynaphthal ene-1 - su l  fony l  c h l o r i d e  (37)  , 2-methoxynaphthalene-5- 
s u l  f o n y l  c h l o r i d e  (37)  , 2-methoxynaphthalene-6-sul fonyl  c h l o r i d e  (37)  , 
2-rnethoxynaphthalene-6-sul f o n y l  ch l  o r i d e  (37)  , 2-methoxynaphthalene-7- 
s u l  f o n y l  c h l o r i d e  (37) , and 2-methoxynaphthal ene-8-sul f o n y l  c h l o r i d e  (37) .  
2-Naphthalenediazonium-5-sul fonate has been prepared by t h e  r e a c t i o n  
o f  sodium 2-aminonaphthal ene-5-sul f o n a t e  w i t h  sod i  um n i t r i t e  i n  hydro- 
c h l o r i c  a c i d  ( 42 ) .  [*See page 241 o f  t h i s  Repor t  f o r  comments on 
nomencl a t u r e  o f  d i azon i  um i n n e r  s a l t  compounds. ] 
2-Hydroxy-1 -naph t h a l  enedi  azoni um-4-sul fona t e  has been syn thes ized  
f rom 1-amino-2-naphthol-4-sul f o n i c  a c i d  by r e a c t i o n  wi  t h  sodium n i  t r i t e  
i n  n e u t r a l  medi um (43)  . Reduct ion o f  t h e  2- hydroxy-1-naphtha1 enediazoni  um- 
4-s u l  f ona te  u s i  ng absol u t e  e thanol  y i  e l  ded 2-naph tho1 -4-s u l  f o n i  c a c i d  (44)  . 
2-Naphtho l -1 -su l fon ic  a c i d  can be  produced by t he  r e a c t i o n  of 2- 
naphthol  w i t h  ch l  o rosu l  f o n i  c a c i d  (45)  o r  concen t ra ted  s u l f u r i c  a c i d  (46)  . 
21 6 
I I I. EXPERIMENTAL 
A. Equipment 
An F and M S c i e n t i f i c  Corporat ion,  Research Chromatograph Model #810, 
gas chromatograph was used f o r  t h e  i so therma l  i n v e s t i g a t i o n s .  He1 i um was 
used as t h e  c a r r i e r  gas i n  a l l  opera t ions .  Hel ium f l o w  r a t e s  were measured 
w i t h  a s o a p - f i l m  meter .  Var ious- length,  s i x -m i  11 ime te r ,  g lass  columns 
were used. Two, co l  umn-packing m a t e r i a l s  were used: 20 % s i  1 icone h igh-  
vacuum grease on Chromosorb W-AW-DMCS and 5 % s i l i cone-gum rubber  SE-30 
on Chromosorb W-AW-DMCS. Samples were i n j e c t e d  w i t h  a Hami 1 t o n  micro-  
sy r i nge ,  Model #702, 25-1-11 capac i t y .  
I n f r a r e d  spec t ra  were recorded on a Beckman, Model IR-10, Spectrophoto- 
meter.  Potassium bromide p e l l e t s  were prepared i n  a Perk in-Elmer  KBr d i e .  
Plel t i n g  p o i n t s  were taken on a Thomas Hoover C a p i l l a r y  Me1 t i n g  
P o i n t  Apparatus. 
A Buchler  Ins t ruments  , Model PTFE-IGN , Por tab le  Fl as h-Evaporator  
was used t o  rerrlove v o l a t i l e  s o l  vents.  
Vacuum sub l ima t i ons  were performed i n  an Ace Glass Incorpora ted ,  
#8020, Vacuum Sub1 ima t i on  Apparatus. 
B. Reagents 
Reagent-grade cherr~i ca l s  rneeti ng American Chemical Soc ie t y  s p e c i f i  ca- 
t i o n s  were used whenever they  were commercial l y  a v a i l  ab le .  When they  
were n o t  ava i  1 ab le ,  t h e  b e s t  commercial l y - a v a i  1 ab le  reagents  were used 
i n c l u d i n g  po tass i  um 1 -hydroxynaphthalene-2-sul fona te  (Eastman P 7451 ) , 
sodi  um 1 -hydroxynaphthalene-3-sul  fonate (J  . T. Baker N 697),  sod i  um 
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The r e a c t i o n  m i x t u r e  was coo led  and t h e  p r e c i p i t a t e  was c o l l e c t e d  on  a  
s i n t e red -g l ass  funnel .  The s o l i d  was f i r s t  a i r  d r i e d  and then  d r i e d  i n  a  
vacuum oven a t  45 O C .  
2. General Syn thes is  - o f  Methoxynaph t h a l  enesul  f o n y l  Ch lo r ides  
The methoxynaphthal enesul f o n y l  c h l o r i  des were prepared accord i  rig t o  
t he  f o l  l o w i n g  descr ibed  syn thes i s .  The a1 k a l  i methoxynaph t h a l  enesul fon- 
a t e  was p laced  i n  a  round-bottomed f l ask  and reac ted  w i t h  phosphorus 
pentach l  o r i d e  i n  phosphorus o x y c h l o r i d e  o r  t r i t u r a t e d  w i t h  phosphorus 
pen tach lo r i de .  I n  most cases t h e  r e s u l t i n g  l i q u i d  was heated t o  95 O C  
f o r  severa l  hours;  then t he  phosphorus o x y c h l o r i d e  and phosphorus penta- 
c h l o r i d e  were removed by vacuum evapora t ion .  The res i due  was t r e a t e d  w i t h  
co l d ,  de i on i zed  wa te r  and ch lo ro fo rm.  The w a t e r  and ch l  oroform l a y e r s  
were f i l  t e r e d  and separated. The ch lo ro fo rm  s o l u t i o n  was washed seve ra l  
t imes w i t h  de ion i zed  w a t e r  and then t h e  ch lo ro fo rm  was evaporated under 
vacuum a t  room temperature.  The r e s u l t i n g  r es i due  was t r e a t e d  w i t h  severa l  
p o r t i o n s  of h o t  l i g r o i n e .  The l i g r o i n e  s o l u t i o n  was decanted from t h e  
res i due  and then t h e  1  i g r o i n e  was vacuum evaporated a t  room temperature 
1  eav ing  t h e  crude p roduc t .  
The crude p roduc t  was p u r i f i e d  by s u b l i m a t i o n  under vacuum a t  an 
e l eva ted  temperature.  
3 .  General Syn thes is  of Acetoxynaph t h a l  enes u l  f o n i  c  Acids 
The a1 k a l  i acetoxynaphthalenesul  fonates were prepared accord i  ng t o  
t h e  f o l l o w i n g  descr ibed  syn thes i s .  The a 1  k a l i  naph tho lsu l  f ona te  was 
p laced  i n  a  three-necked, round-bottomed f l a s k  f i t t e d  w i t h  s t i r r i n g  motor,  
condenser, and thermometer. The sample was d i sso l ved  o r  suspended i n  
g l a c i a l  a c e t i c  a c i d  and reac ted  w i t h  a c e t i c  anhydr ide. The r e a c t i o n  so lu -  
t i o n  was heated f o r  severa l  hours, coolled t o  room temperature,  and then 
f i  1 t e r e d  through a medi um-porosi ty  , s i  n te red-g l  ass funnel . The g l  a c i  a1 
a c e t i c  a c i d  and excess a c e t i c  anhydr ide were removed by evapora t ion  i n  a  
r o t a t i n g ,  vacuum evaporator .  The res idue  was taken up i n  a  minimum amount 
of  de ion ized  water ,  t r e a t e d  w i t h  degassed, decol o r i z i  ng carbon, Darco 
6-60, and f i  1 t e r e d  through g l  a s s - f i  1  t e r  paper. The wate r  was evaporated 
on t he  r o t a t i n g ,  vacuum evaporator .  The res idue  was c o l l e c t e d  as t he  
a1 ka l  i acetoxynaph t h a l  enesul fona te .  
4. General Synthes is  of Acetoxyr~aph t h a l  e r~esu l f ony l  Chi o r i des  
The acetoxynaph t h a l  enesul fonyl  ch l  o r i  des were prepared accord ing  
t o  the  f o l  1  owing descr ibed procedure. The a1 k a l  i acetoxynaph t h a l  ene- 
s u l f o n a t e  was p laced i n  a  round-bottomed f l a s k  and t r i t u r a t e d  w i t h  phos- 
phorus pentachl  o r i d e .  The r e a c t i o n  m i x t u r e  was r e f 1  uxed i n  ch lo ro fo rm  
f o r  two hours,  f o l l owed  by r e f l u x i n g  w i t h  a  wate r -ch lo ro fo rm mix tu re .  The 
r e a c t i o n  m ix tu re  was f i  1 t e r e d  and separated. The ch lo ro fo rm  s o l  u t i  on was 
washed severa l  t imes w i  t h  de ion ized  water,  and decol o r i  zed w i  t h  Darco 
G-60, d e c o l o r i z i n g  carbon, and then t h e  ch lo ro fo rm was evaporated. The 
r e s u l t i n g  res idue  was t r e a t e d  w i t h  l i g r o i n e  and heated on a steam cone t o  
remove the  l i g r o i n e  l e a v i n g  t h e  crude p roduc t .  The crude p roduc t  was 
p u r i f i e d  by sub1 i m a t i  on under vacuum a t  an e l eva ted  temperature.  
5. 1-Naphthol-2-Sul f o n i  c  Ac id  
Potass i  um 1 -naphthol  - 2 - su l  fonate,  ob ta ined  as a p r a c t i c a l  grade 
reagent ,  was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
Potass i  um 1 -Methoxynaphthal ene-2-Sul f ona te  
Potassiurn 1 -naph tho l -2 -su l fo r~a te ,  10.0 g (0.38 mole) ,  was d i s s o l v e d  
i n  de ion ized  water,  50 rn l  , c o r ~ t a i r ~ i n g  potassiun'~ hydrox ide,  3.0 g (0.054 
mole). Dimethyl s u l f a t e ,  14 g (0.11 n ~ o l e ) ,  was added. The p r e c i p i t a t e ,  
a 1 i g h t - t a n  s o l i d ,  was c o l l e c t e d  as potassium 1 -mett-1oxynaphtt-1alene-2- 
s u l f o n a t e :  y i e l d ,  4.7 g, 45 % t h e o r e t i c a l .  
b .  1-Methoxynaphthalene-2-Sul f o n y l  Ch lo r i de  
Po tass i  um 1 -methoxynaphthalene-2-sul fonate,  25.1 g (0.091 mole) , was 
r e f l u x e d  w i t h  phosphorus pen tach lo r ide ,  19.0 g (0.91 mole) ,  i n  phosphorus 
oxychl  o r i d e ,  335 g (2.19 moles) , f o r  two hours.  The crude p roduc t  was 
subl  imed t h r e e  t imes a t  50 "C. The sub l  imate, 1 -methoxynaphthalene-2- 
s u l f o r ~ y l  c h l o r i d e ,  was a w h i t e  s o l i d :  y i e l d ,  6.4 g, 27 % t h e o r e t i c a l ;  mp 
64 - 65.5 O C .  Anal .  Calcd. f o r  C11H9C103S: C, 51.47; H, 3.53; C1, 13.81; 
S, 12.49. Found: C, 51.50; H, 3.58; C1, 13.79; S, 12.25. 
c. Potass i um 1 -Acetoxynaphthal ene-2-Sul f ona te  
Potassium 1-naphthol-2-sul  fonate,  12.0 g (0.046 mole) , was d i sso l ved  
i n  g l a c i a l  a c e t i c  ac i d ,  525 g (8.75 moles),  con ta in i ng  fused sodium 
ace ta te ,  1.0 g (0.012 mole).  A c e t i c  anhydr ide, 32.4 g (0.32 mole), was 
added s l o w l y  t o  t he  s o l u t i o n  and then t he  r e a c t i o n  s o l u t i o n  was heated 
on a steam cone f o r  s i x  hours.  The res idue ,  a l i gh t -b rown  s o l i d ,  was 
co l  1 ec ted  as po tass i  um 1 -acetoxynaphthal  ene-2-sul fona te :  y i e l d ,  13.6 g, 
98 % t k ~ e o r e t i c a l  .
1-Acetoxynaphthal ene-2-Sul f o n y l  Ch lo r i de  
Potassium 1-acetoxynaphthalene-2-sul fonate,  13.6 g (0.045 mole) , was 
t r i t u r a t e d  w i t h  pk~osphorus pen tach lo r ide ,  13.0 g (0.062 mole),  and then 
q .  
heated on a steam cone f o r  one hour.  L i g r o i n e  was added and an o f f - w h i t e  
s o l i d  p r e c i p i t a t e d  from the  s o l u t i o n :  y i e l d ,  2.1 g, 16 % t h e o r e t i c a l ;  
mp 93.5 - 95 "C [lit. mp 87.5 "C (35) ] .  Anal. Calcd. f o r  C12HgC104S: C, 
50.62; H, 3.19; C1, 12.45; S ,  11.26. Found: C, 50.40; H y  3.01; C1, 12.60; 
S, 11.07. 
6. 1 -Naphthol-3-Sul f o n i c  Ac id  
Sodi um l -naph tho l -3 -su l  fonate,  ob ta ined  as a p r a c t i c a l  -grade reagent,  
was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodi urn 1 -FJlethoxynaph t h a l  ene- 3-Sul f ona te  
Sodium l -naph tho l -3 -su l fona te ,  10.0 g (0.04 mole),  was d i sso l ved  i n  
de ion ized  water,  50 ml, c o n t a i n i n g  sodium hydrox ide,  4.0 g (0 .1  mole) ; 
then d imethy l  s u l f a t e ,  12.0 g (0.10 mole),  was added. The r e a c t i o n  was 
kep t  a t  25 "C f o r  one hour.  The p r e c i p i t a t e ,  a chocolate-brown s o l i d ,  
was c o l l e c t e d  as sodi  um l-methoxynaphthalene-3-sul fonate:  y i e l d ,  6.5 g, 
61 % t h e o r e t i c a l  . 
b. 1-Methoxynaph t h a l  ene-3-Sul f o n y l  Ch lo r i de  
Sodium l-methoxynaphthalene-3-sul  fonate,  5.0 g .  (0.019 mole) , was 
re f1  uxed w i t h  phosphorus pentachl  o r i  de, 7.5 g (0.036 mol e) , and phosphorus 
oxychl  o r i d e ,  7.5 g (0.049 mol e) , f o r  3.5 hours.  The crude p r o d ~ ~ c t  was 
subl  imed th ree  t imes a t  65 "C.  The subl  imate, 1 -methoxynaphthal ene-3- 
s u l  f o n y l  c h l o r i d e ,  was a l i g h t - y e l l o w  s o l i d :  y i e l d ,  2.6 g, 53 % t h e o r e t i c a l  ; 
mp 75.5 - 77 "C [lit. mp 75.5 " C  co r .  ( 3 7 ) l .  - Anal. Calcd. f o r  C11H9C103S: 
C, 51.47; H, 3.53; C1, 13.81; S ,  12.49. Found: C, 51.34; H, 3.43; C1, 
14.02; S,  12.58. 
7. 1 -Naphthol -4-Sul f o n i  c Ac id  
Sodi um 1-naphthol-4-sul  fonate, ob ta ined  as a p r a c t i c a l - g r a d e  reagent,  
was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodi um 1-Methoxynaphthal ene-4-Sul f ona te  
Sodi um 1-naphthol -4-su l fonate,  49.2 g (0.20 mole), was d i sso l ved  i n  
sodium hydrox ide,  90 m l  o f  10 %; then dirnethyl s u l f a t e ,  33.4 g (0.27 mole), 
was added. The r e a c t i o n  m i x t u r e  was heated a t  r e f l u x  temperature f o r  two 
hours.  The p r e c i p i t a t e ,  a l i gh t -b rown  s o l i d ,  was c o l l e c t e d  as sodium 1- 
methoxynaphthal ene-4-sul fona te :  y i e l  d, 33.4 g, 64 % t h e o r e t i c a l  . 
b. 1 -Methoxynaphthalene-4-Sul f o n y l  Ch lo r i de  
Sodi um 1-methoxynaphthal ene-4-sul fonate,  9.3 g (0.036 rnol e) , was 
t r i t u r a t e d  w i t h  phosphorus pen tach lo r ide ,  7.5 g (0.036 rnole) , The crude 
s o l i d  was subl  imed, tw ice,  a t  83 "C. The sub l  imate, 1 -rnethoxynaphthalene- 
4 - su l f ony l  c h l o r i d e ,  was a w h i t e  s o l i d :  y i e l d ,  4.7 g, 51 % t h e o r e t i c a l  ; 
mp 97 - 99 "C [lit. mp 98.5 "C cor .  (37) ,  96 - 97 "C (38) ,  98 - 99 "C 
(41) ] .  Anal. Calcd. f o r  C11H9C103S: C, 51.47; H, 3.53; C1, 13.81; S, 
12.49. Found: C, 51.54; H, 3.41; C1, 13.65; S, 12.56. 
c. Sodi um 1-Acetoxynaphthal ene-4-Sul fona te  
Sodi um 1-naphthol-4-sul  fonate,  12.2 g (0.049 mole),  was reac ted  w i t h  
a c e t i c  anhydr ide, 162 g (1.59 moles).  4-Toluenesul f o n i c  ac id ,  0.5 g 
(0.0026 mole), was added as a c a t a l y s t .  The r e a c t i o n  m i x t u r e  was heated 
v i a  an o i l  bath,  a t  r e f 1  ux temperature f o r  55 hours. The res idue,  a t a n  
s o l  i d ,  was c o l l e c t e d  as sodi  um 1-acetoxynaphthalene-4-sul fona te :  y i e l d ,  
13.9 g, 97 % t h e o r e t i c a l .  
8. 1 -Naphthol -5-Sul f o n i  c A c i d  
Sodium 1-naphthol -5-su l  fonate,  ob ta ined  as a t echn i  ca l -grade reagent,  
was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodi um 1 -Methoxynaphthal ene-5-Sul fona te  
Sodium 1-naphthol-5-sul  fonate,  49.2 g (0.20 mole), was d i sso l ved  i n  
sodium hydrox ide,  150 ml o f  6.7 %; then d imethy l  s u l f a t e ,  26.7 g (0.21 
mole), was added. The r e a c t i o n  m ix tu re  was heated a t  r e f 1  ux temperature 
f o r  two hours.  The p r e c i  p i  t a t e ,  a chocol  ate-brown s o l  i d ,  was co l  1 ec ted  
as sodi  um 1 -methoxynaphthalene-5-sul fonate:  y i e l d ,  19.9 g, 38 % t h e o r e t i c a l .  
b.  1-Methoxynaphthal ene-5-Sul f o r ~ y l  Ch lo r i de  
Sodi um 1-methoxynaphthalene-5-sul fonate,  37.7 g (0.15 mole), was 
t r i t u r a t e d  w i t h  phosphorus pen tach lo r ide ,  40.0 g (0.19 mole). The crude 
s o l i d  was subl imed f o u r  t imes a t  90 "C. The subl imate,  l-methoxynaphtha- 
lene-5-su l fony l  c h l o r i d e ,  was a y e l l o w  s o l i d :  y i e l d ,  10.6 g, 27 % 
t h e o r e t i c a l ;  mp 117 - 119 " C  [l'lt, mp 119.5 "C, co r .  ( 3 7 ) l .  - Anal. Calcd. 
f o r  Cl1HgC1O3S: C, 51.47; H, 3.53; C l ,  13.81; S, 12.49. Found: C, 51.74; 
H, 3.70; C1, 13.91; S, 12.70. 
c. Sodi um 1-Acetoxynaphthal ene-5-Sul fona te  
Sodi um 1-naphthol-5-sul  fonate,  25.0 g (0.11 mole) , was suspended i n  
g l a c i a l  a c e t i c  ac id ,  157 g (2.61 moles),  and a c e t i c  anhydr ide, 108 g 
(1.06 moles) added. The r e a c t i o n  m ix tu re  was heated i n  an o i l  bath,  a t  
r e f l u x  temperatures f o r  7.5 hours.  The res idue,  a g ray - tan  s o l i d ,  was 
c o l l e c t e d  as sodium 1-acetoxynaphthalene-5-sulfonate: y i e l d ,  23.8 g, 81 % 
t h e o r e t i c a l  . 
d. 1-Acetoxynaphthalene-5-Su1 l'ony1 - Ch lo r i de  
Sodium 1-acetoxynaphthalene-5-sul  fonate, 11.6 g  (0.040 mole) , was 
t r i t u r a t e d  w i t h  phosphorus pen tach lo r ide ,  12.0 g  (0.058 mole),  and then 
r e f 1  uxed i n  ch loroform,  45 g  (0 .38 mole) , f o r  t h i r t y  minutes. The crude 
p roduc t  was sub1 imed, tw ice ,  a t  90 O C .  The subl imate,  l -acetoxynaphtha- 
l ene -5 -su l f ony l  c h l o r i d e ,  was a  y e l l o w  s o l i d :  y i e l d ,  3.0 a, 26 % 
t h e o r e t i c a l ;  mp 119 - 121 "C [ l it. mp 129 O C  ( 3 6 ) l .  - Anal. Calcd. f o r  
C12HgC104S: C, 50.62; H, 3.19; C1, 12.45; S, 11.26. Found: C, 50.32; 
H, 3.14; C1, 12.73; S, 11.32. 
9. 1  -Naphthol -6-Sul f o n i  c  Ac id  
The t e c h n i c a l  -grade 1  -aminonaphthal ene-6-sul f o n i  c  a c i d  t o  be used t o  
syn thes ize  1  -naph t h o l - 6 - s u l f o n i c  had a  p u r p l e  c o l o r .  1  -Aminonaphthalene- 
6 - s u l f o n i c  ac id ,  44.6 g (0.2 mole) , was d i sso l ved  i n  water ,  300 m l  , con- 
t a i n i n g  sodium b icarbonate ,  16.8 g  (0.2 mole).  The r e s u l t i n g  s o l  u t i o n  
was heated t o  b o i l i n g ,  t r e a t e d  w i t h  Darco G-60, and f i l t e r e d .  Th is  l a t t e r  - 
process was performed t h r e e  t imes.  The s o l u t i o n  was cooled and a  d i l u t e  
s o l u t i o n  o f  h y d r o c h l o r i c  a c i d  was added u n t i  1  a  p r e c i p i t a t e  was obta ined.  
The p r e c i p i t a t e  was c o l l  ec ted  on a  s i  n te red-g l  ass funnel  . F u r t h e r  a c i  d i -  
f i c a t i o n  o f  t he  f i l t r a t e  y i e l d e d  a  p u r p l e  co lo red  p r e c i p i t a t e  which was 
recyc led .  1  -Aminonaphthalene-6-sul foni  c  ac id ,  an o f f - w h i t e  s o l i d ,  was 
co l  1  ected: t o t a l  co l  1  ected, 14.7 g, 33 % t h e o r e t i c a l  . 
10. 1  -Naphthol -8-Sul f o n i  c  A c i d  
Sodi um 1-naphthol -8-su l  fonate,  ob ta ined  as a  p r a c t i c a l  -grade reagent,  
was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
Sodi um 1-Methoxynaph thalene-8-Sul f ona te  
Sodium 1-naphthol-8-sul fonate,  24.6 g (0.10 mole),  was d i sso l ved  i n  
sodium hydrox ide,  100 m l  of  5 %; t hen  d imethy l  s u l f a t e ,  13.4 g (0.11 mole), 
was added t o  t h e  sodium hydrox ide s o l u t i o n .  The p r e c i p i t a t e ,  a chocolate-  
brown s o l  i d ,  was c o l l e c t e d  as sod i  um 1 -methoxynaphthalene-8-sul fonate:  
y i e l d ,  15.1 g, 58 % t h e o r e t i c a l .  
b . 1-Methoxynaphthalene-8-Sul fony1 Ch lo r i de  
Sodium 1 -methoxynaphthalene-8-sul fonate,  15.1 g (0.059 mole) , was 
t r i t u r a t e d  w i t h  phosphorus pentachl  o r i  de, 15.0 g (0.072 mole) . The crude 
s o l i d  was subl imed a t  60 "C. The subl imate,  l-methoxynaphthalene-8- 
s u l f o n y l  c h l o r i d e ,  was a y e l l o w  s o l i d :  y i e l d ,  1.9 g, 13 % t h e o r e t i c a l ;  
mp 96 - 97 "C. Anal. Calcd. f o r  Cl1HgC1O3S: C, 51.47; Hy 3.53; C1, 
13.81; S, 12.49. Found: C, 51.46; H, 3.46; C1, 14.02; S, 12.29. 
11. 2-Naphthol-1-Sul f o n i c  A c i d  
Sodi um 2-naphthol-1 -su l  fona te  was syn thes ized  f rom corr~rr~erical l y
avai  1 ab le  2-naph t h o l  . 
a. Sodi UITI 2-Naphthol-1 -Sul fona te  
Sodi um 2-naph t h o l  - 1 - s u l  fona te  was prepared by t h e  r e a c t i o n  o f  2- 
naphthol  w i t h  ch lo rosu l f on i c  ac id .  2-Naphthol , 72.0 g (0 .5  mole), 
was d i s s o l  ved i n  anhydrous n i  trobenzene, 280 g (2 .3  moles) . Chl o rosu l  f o n i  c 
a c i  d, 61 .5 g (0.53 mole) , was added dropwi se. The p r e c i  p i  t a t e  was c o l l  ec t -  
ed as sodium 2-naphthol -1-su l fonate:  y i e l d ,  15.3 g, 12  % t h e o r e t i c a l .  
Sodi um 2-naphthol -1 - s u l  fona te  was a l s o  prepared by t h e  r e a c t i o n  o f  
2-naphthol w i t h  concentrated s u l  f u r i c  ac i d .  2-Naphthol , 28.8 g (0.20 mole) , 
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ye1 low s o l i d ,  was c o l  l e c t e d  as 2-hydroxy-1-naphthalenediazonium-4-sul fona te ;  
y i e l d ,  50.6 g, 94.5 % t h e o r e t i c a l .  
B a r i  um 2-Naphthol-4-Sul f o n a t e  
B a r i  um 2-naphtho l -4-su l fonate  was prepared by t h e  r e d u c t i o n  o f  
2- hydroxy-1-naphtha1 enediazonium-4-su l fonate .  2-Hydroxy-1 -naphthalene- 
d iazon ium-4-su l fonate ,  30 g  (0.1 1  mole),  was r e f 1  uxed w i t h  a b s o l u t e  
e t h a n o l ,  450 m l  , f o r  30 hours.  The e thano l  i c  s o l u t i o n  was n e u t r a l i z e d  
w i t h  a  bar ium hydrox ide  s o l u t i o n ,  and t h e  s o l v e n t  was removed under 
vacuum on a r o t a r y  evapora to r .  The res idue ,  a  dark- red,  hard, f r i a b l e  
mass, was c o l l e c t e d  as bar ium 2 -naph tho l -4 -su l fona te :  y i e l d ,  27.9 g, 
96 % t h e o r e t i c a l .  
13. 2-Naphthol-5-Sul f o n i c  A c i d  
The s o d i  um 2-naphthol-5-sul  f o n a t e  d e r i v a t i v e s  were prepared f r o m  
commercial l y  a v a i l  a b l e  2-aminonaphtha lene-5-su l fon ic  a c i d .  
(1)  Procedure - I 
2-Ami nonaphthalene-5-sul  f o n i c  ac id ,  23.0 g  (0.1 rnol e) , was d i s s o l v e d  
i n  water ,  100 m l ,  c o n t a i n i n g  sodium b ica rbona te ,  8.0 g (0.095 rnole). The 
s o l l l t i o n  was f i l t e r e d  and cooled;  then sodium n i t r i t e ,  7.0 g (0 .1  rnole) 
was added. T h i s  s o l  u t i o n  was added s l o w l y  t o  concen t ra ted  h y d r o c h l o r i c  
a c i d ,  65 m l  . The r e a c t i o n  temperature  was k e p t  below 5 "C. Col d, 
a b s o l u t e  e thano l ,  75 m l ,  was added t o  t h e  r e a c t i o n  f l a s k  and a  red-brown 
s o l i d  p r e c i p i t a t e d  f rom s o l u t i o n .  The p r e c i p i t a t e  was c o l l  e c t e d  on a  
s i n t e r e d - g l  ass funne l ,  washed w i t h  absol  u t e  e thano l ,  f o l l o w e d  by e t h y l  
ether ,  and a i r  d r i e d .  The p r e c i p i t a t e ,  a  red-brown s o l i d ,  was c o l l e c t e d  
as 2-naphtha1 enedi  azoni  um-5-sul f ona te  and d r i e d  i n  a  vacuum oven a t  
60 "C :  y i e l d ,  10.9 g, 47 % t h e o r e t i c a l .  
Procedure - I I
2-Ami nonaphthalene-5-sul f o n i c  ac id ,  22.3 g (0 .1  mole),  was d i s s o l v e d  
i n  water ,  200 m l ,  c o n t a i n i n g  sodium b icarbonate,  8.4 CJ (0.1 mole) .  The 
s o l u t i o n  was f i l t e r e d  and cooled; then sodium n i t r i t e ,  7.0 g (0 .1  mole) 
was added. Th is  s o l u t i o r l  was added s l o w l y  t o  a  s o l u t i o n  o f  h y d r o c h l o r i c  
ac id ,  290 rn l  o f  12  %. The terrlperature o f  t he  r e a c t i o n  r r l ix ture  was kep t  
below 4  "C.  The r e a c t i o n  m i x t u r e  was s t i r r e d  f o r  an hour  a f t e r  t he  
a d d i t i o n  was completed. The cold,  r e a c t i o n  m i x t u r e  was poured through 
a  s i n t e r e d - g l a s s  funne l  and a  dark-red, f i n e l y - c r y s t a l l i n e  s o l  i d  was 
c o l l e c t e d  and washed w i t h  e t h y l  e t h e r .  The p r e c i p i t a t e ,  a  dark - red  
s o l i d ,  was c o l  l e c t e d  as 2-naphtha1 enedi  azoni  um-5-sul f ona te  and d r i e d  i n  
a  vacuum oven a t  60 "C :  y i e l d ,  16.4 g, 70 % t h e o r e t i c a l .  
(3)  Procedure - I11 
2-Aminonaphthalene-5-sul fonic ac id ,  22.3 g  (0 .1  mole), was d i s s o l  ved 
i n  water ,  100 m l ,  c o n t a i n i n g  sodium b icarbonate,  8.4 g  (0 .1  mole) .  The 
s o l u t i o r l  was f i l t e r e d  and cooled t o  2  "C, concen t ra ted  h y d r o c h l o r i c  ac id ,  
65 m l ,  added and a  t h i c k  p r e c i p i t a t e  formed. Th is  m i x t u r e  was cooled 
t o  0  "C  and a  s o l u t i o n  o f  sodium n i t r i t e ,  7.0 g (0.1 mole),  i n  water ,  
20 m l  , was added. A  t h i c k ,  y e l l o w  p r e c i p i t a t e  was c o l l e c t e d ,  washed w i t h  
abso lu te  e thanol  and e t h y l  e ther ,  and a i r  d r i e d .  The a i r - d r i e d  so l  i d  had 
a  r e d  c o a t i n g  a f t e r  be ing  exposed t o  t h e  atmosphere ove rn i gh t .  The 
i n f r a r e d  spectrum o f  t h i s  compound was n o t  i d e n t i c a l  t o  t h e  spec t ra  o f  t h e  
compounds ob ta ined  i n  Procedures I and 11. 
b .  Sodium 2-Methoxynaphthalene-5-Sulfonate 
2-Naphthalenedi azonium-5-sul fonate,  27.3 g (0.12 mole),  was t r e a t e d  
w i t h  abso lu te  methanol, 500 m l  . The m i x t u r e  was heated t o  r e f 1  ux f o r  
24 hours.  The excess methanol was removed by r o t a r y  evapo ra t i on  l e a v i n g  
a dark - red  res idue .  The res i due  was t r e a t e d  w i t h  water ,  300 m l  , and t h e  
so l  u t i  on was f i  1 t e red .  The f i  1 t r a t e  was d e c o l o r i  zed w i t h  Darco 6-60, 
a f t e r  i t  had been n e u t r a l i z e d  w i t h  sodium carbonate.  The wa te r  was 
removed by r o t a r y  evapora t ion  l e a v i n g  a l i g h t - t a n  s o l i d .  The res idue,  a  
t a n  s o l  i d ,  was c o l  l e c t e d  as sodium 2-methoxynaphthalene-5-sul f ona te  and 
d r i e d  i n  a  vacuum oven a t  50 O C :  y i e l d ,  7.7 9 ,  25 % t h e o r e t i c a l  . 
c.  2-Flethoxynaphthal ene-5-Sul fony1 Ch lo r i de  
Sodium 2-methoxynaphthal ene-5-sul fona te ,  7.7 g  (0 .03 mole) , was 
t r i t u r a t e d  w i t h  phosphorus pen tach lo r ide ,  7.0 g  (0.034 mole) ,  and a1 lowed 
t o  s t a n d  a t  room temperature f o r  one hour .  The r e a c t i o n  p roduc t  was 
t r e a t e d  w i t h  i c e  and chloroform. The w a t e r  and ch lo ro fo rm  l a y e r s  were 
separated and then t h e  ch lo ro fo rm  was evaporated. A. v iscous ye1 low o i l  
remained a f t e r  t h e  ch lo ro fo rm  was evaporated. The o i l  was t r e a t e d  w i t h  
h o t  1  i g r o i n e ,  150 m l  , t h r e e  t imes.  The 1 i g r o i n e  was evaporated a t  room 
temperature,  l e a v i n g  a d i r t y - w h i  te ,  sem i - c r ys ta l  1  i n e  s o l  i d  and a v iscous,  
c o l  o r1  ess o i  'I . 
14. 2-Naphthol -6-Sul f o n i c  Ac id  
Sodi  um 2-naphthol-6-sul  fona te ,  ob ta ined  as a  t echn i  ca l -grade 
reagent ,  was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodium 2-Methoxynaphthal ene-6-Sul f ona te  
Sodi um 2-naphthol-6-sul  fonate,  24.6 g (0.10 mole) , was e x t r a c t e d  
w i t h  sodium hydrox ide,  t h ree ,  100-ml p o r t i o n s  o f  5 %. Each e x t r a c t i o n  
s o l u t i o n  was t r e a t e d  w i t h  d imethy l  s u l f a t e ,  20.0 g (0 .16 mole) .  The 
p r e c i p i t a t e ,  a 1 i ght-  t a n  s o l i d ,  was c o l  1 ec ted  as sod i  um 2-methoxynaphtha- 
lene-6-su l  fonate:  y i e l d ,  7.6 g, 29 % t h e o r e t i c a l  . 
b .  2-Methoxynaphthalene-6-Sul f o n y l  Ch lo r i de  
Sodi um 2-methoxynaphthalene-6-sul fonate, 10.0 g (0.038 mole) , was 
t r i t u r a t e d  w i t h  phosphorus pen tach lo r i de ,  16.0 g (0.077 mole) . The crude 
p roduc t  was subl imed a t  80 " C .  The subl imate,  2-methoxynaphthalene-6- 
s u l f o n y l  chlor ide,was a y e l l o w  s o l i d :  y i e l d ,  0.5 g, 5 % t h e o r e t i c a l ;  mp 
96 - 98  "C [lit. mp 93 "C co r .  (37 ) ] .  Anal .  Calcd. f o r  C11H9C103S: C, 
5 1 . 4 7 ; H , 3 . 5 3 ; C 1 , 1 3 . 8 1 ; S , 1 2 . 4 9 .  Found: C , 5 1 . 5 7 ; H Y 3 . 5 4 ; C 1 , 1 3 . 9 1 ;  
S, 12.65. 
15. 2-Naphtho l -7-Sul fon ic  Ac id  
Sodi  um 2-naph tho1 -7-su l  fonate, ob ta ined  as a t e c h n i c a l  -grade 
reagent ,  was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodi urr~ 2-Methoxynapt-I t h a l  ene-7-Sul f ona te  
Sodi um 2-naphthol-7-sul  fonate,  49.2 g (0.20 mole) , was d i s s o l v e d  i n  
sodium hydrox ide,  90 m l  o f  10 %; t hen  d imethy l  s u l f a t e ,  33.4 g (0.27 mole),  
was added. The p r e c i p i t a t e ,  a brown s o l i d ,  was c o l l e c t e d  as sodium 
2-methoxynaphthalene-7-sul fonate: y i e l d ,  26.2 g, 50 % t h e o r e t i c a l ,  
b . 2-Methoxynaphthal ene-7-Su! f o n y l  Chl o r i d e  
Sodi um 2-methoxynaphthal ene-7-sul fonate,  26.2 g (0.10 mole) , was 
re f1  uxed w i t h  phosphorus oxych lo r ide ,  335 g (2.19 moles) , and phosphorus 
pen tach lo r ide ,  19.0 g (0.092 mole),  f o r  two hours.  The crude p roduc t  
was sublimed, twice, a t  70 O C .  The sub1 imate, 2-methoxynaphthalene-7- 
su l fony:  ch lo r i de ,  was a l i g h t - y e l l o w  s o l i d :  y i e l d ,  8.1 g, 31 % t h e o r e t i -  
c a l ;  mp 83 - 84.5 O C  [lit. mp 83 O C  co r .  ( 3 7 ) l .  Anal .  Calcd. f o r  C11H9C103S: 
C , 5 1 . 4 7 ; H , 3 . 5 3 ; C l , 1 3 . 8 1 ; S y 1 2 . 4 9 .  Found: C, 51 .28 ;H ,3 .54 ;C l ,  
14.06; S ,  12.66. 
16. 2-Naphthol-8-Sul f o n i  c  - Acid  
Sodi 2 - n a ~ h t h o l - 8 - s u l  fonate, ob ta ined  as a t e c h n i c a l  -grade 
reagent,  was used w i  t k o u t  f u r t h e r  p u r i f i c a t i o n .  
a. Sodi um 2-Methoxynaphthal ene-8-Sul fona te  
Sodium 2-naphthol -8-su l fonate,  49.2 g (0 .2  mole),  was d i sso l ved  i n  
sodium hydrox ide,  90 m l  o f  10 %; then d imethy l  s u l f a t e ,  33.4 g (0 .27 mole), 
was added. The r e a c t i o n  m ix tu re  was heated a t  r e f l u x  f o r  two hours.  The 
p r e c i  p i  t a t e ,  a  t a n  s o l  i d ,  was c o l l  ec ted as sodi  um 2-methoxynaph t h a l  ene-8- 
su l f ona te :  y i e l d ,  29.6 g, 57 % t h e o r e t i c a l .  
b.  2-Methoxynaphthalene-8-Sulfonyl Ch lo r i de  
Sodi um 2-methoxynaphthalene-8-sulfonate, 29.6 g (0.11 mole) , was 
r e f l u x e d  w i t h  phosphorus oxych lo r i de ,  335 g (2.19 moles),  f o r  two hours.  
The crude p roduc t  was subl imed f o u r  t imes a t  50 O C .  The subl imate,  2- 
methoxynaphthalene-8-sul f o n y l  c h l o r i d e ,  was a li ght-ye1 low s o l i d :  y i e l d ,  
3.0 g, 10 % t h e o r e t i c a l ;  mp 76 - 77 " C  [lit. mp 77.5 " C  cor .  (37) ] .  Anal .  
Calcd. f o r  C11H9C103S: C ,  51.47; H, 3.53; C1, 13.81; S,  12.49. Found: 
C, 51.68; H, 3.48; C1, 13.92; S, 12.58. 
1 7. Col umn Packi ngs 
a. 20 % High Vacuum S i l i c o n e  Grease on Chromosorb W-AW-DMCS 
The co l  umn-packi ng mater i  a1 was prepared by d i  sso l  v i  ng h i  gh-vacuum, 
s i l i c o n e  grease (Dow Corning Corp., Midland, Mich.) , 5.0 g, i n  methylene 
c h l o r i d e ,  800 m l ,  and then adding 60 t o  80-mesh Chromosorb W-AN-DMCS 
(Hewlett-Packard) , 20.0 g. The so l  vent  was removed by hea t i ng  the  m ix tu re  
on a h o t  p l a t e .  The resu l  ti ng mater i  a1 was p laced i n  a vacuum oven he1 d 
a t  100 " C  f o r  12 hours.  The d ry  m ix tu re  was used t o  pack t h e  chromato- 
g raph ic  co l  umns . 
5 % S i l i c o n e  Rubber SE-30 on Chromosorb W-AW-DMCS 
- - 
The co l  umn-packing ma te r i a l  was prepared by d i s s o l  v i n g  s i  li cone-gum 
rubber,  SE-30 (Hewlett-Packard), 1.0 g, i n  methylene c h l o r i d e ,  600 m l  , and '. 
then adding 60 t o  80-mesh Chromosorb W-Ab!-DMCS (Hew1 et t -Packard)  , 19.0 g. 
The s o l  ven t  was removed by hea t i ng  the m i x t u r e  on a h o t  p l a t e .  The re -  
s u l  t i n g  m a t e r i a l  was p laced i n a vacuum oven h e l d  a t  100 "C f o r  f o u r  hours.  
The d ry  m i x t u r e  was used t o  pack t he  chromatographic columns. 
18. Col ulnns 
The gas- ch romatographi c co l  umns used were made f rom s i  x-mi 1 1 i meter- 
diameter,  bo ros i  l i c a t e - g l a s s  tub ing ,  Pyrex o r  Kimax, o f  var ious 1 engths. 
The columns were c o i l e d  o r  ben t  t o  f i t  the  oven compartment and then 
f i  11 ed w i t h  t h e  app rop r i a te  packing ma t e r i  a1 . 
1 ~ .  RESULTS AND DSSCUSSION 
The p repa ra t i on  o f  1-acetoxynaphthal  ene-2-sul f o n y l  c h l o r i d e  and 1- 
acetoxynaphtha ler~e-5-su l  f ony l  c h l o r i d e  f rom t h e i r  correspondi ng naphthol-  
s u l  f o n i c  ac ids  was accomplished q u i t e  r e a d i l y ,  b u t  the p repa ra t i on  o f  1- 
acetoxynaph t h a l  ene-4-sul fonyl  ch lo r i de ,  a  corrlpour~d n o t  found i n  t he  
1  i t e r a t u r e  from the ace t y l a ted  d e r i v a t i v e  o f  1  - naph tho l -4 - su l f on i  c  a c i d  
was n o t  accompl ished.  A1 though the  me1 t i  ng p o i  r ~ t s  o f  the  1  -acetoxynaph tha- 
1  erle-2-and -5 - su l f ony l  ch lo r i des  d i d  n o t  agree w i t h  the  l i t e r a t u r e  me1 t i n g  
p o i n t s ,  i n f r a r e d  spec t ra  da ta  and elemental  analyses t oge the r  w i t h  t he  f a c t  
t h a t  isorner ic  s t r u c t u r e s  o f  t he  s t a r t i n g  m a t e r i a l s  were known i n d i c a t e d  
t h a t  compounds syn thes i  zed were 1-acetoxynaphthal  ene-2-sul for ly l  ch l  o r i d e  
and 1-acetoxynaphthalene-5-sul  fonyl  c h l o r i d e .  The acetoxynaphthal  ene- 
su l f ony l  c h l o r i d e s  prepared a r e  q u i t e  s t a b l e  when s t o r e d  co ld ,  b u t  hy- 
d r o l y z e  when s t o r e d  a t  room temperature.  The s l r ~ e l l  o f  a c e t i c  a c i d  can be 
de tec ted  from the  corrrpourlds a f t e r  they a re  s t o r e d  a t  room condi ti ons f o r  
severa l  days i n  a  screw-capped b o t t l e .  
The syrltheses were accomplished o f  the  methoxynaphthalenesuJfony1 
c h l o r i d e s  f rom the  e i g h t ,  commeri ca l  l y  a v a i l  ab le  naph tho lsu l  f o n i  c  ac ids,  
which i n c l u d e  the:  1-2, 1-3, 1-4, 1-5, 1-8, 2-6, 2-7, and 2-8 isomers. 
One new rr~ethoxynaph t h a l  enesul fonyl  ch l  o r i  de was among the  above compounds 
syr1thes.i zed, t h i s  was 1  -methoxynaphthal ene-2-sul f ony l  c h l o r i d e .  A1 though 
1  -rnethoxynaphthal ene-8-sul f ony l  c h l o r i d e  was prev- ious ly  r e p o r t e d  t o  have 
been prepared no phys i ca l  da ta  was repor ted .  The me1 ti ng p o i n t s ,  e lemental  
analyses and i n f r a r e d - s p e c t r a l  data a1 1  i n d i c a t e d  t h a t  t he  compounds pre- 
pared were t he  methoxyrlaphthal erlesul f o n y l  ch lo r i des  . The methoxynaphtha- 
1  enes u l  f ony l  ch l  o r i  des are stab1 e  t o  room condi ti ons f o r  severa l  months 
b u t  c o l d  s to rage  was used t o  inc rease  t h e i r  s h e l f  l i f e .  
The s y n t h e t i c  r o u t e  f o r  the  p r e p a r a t i o n  o f  methoxy compounds f rom the  
corresponding amino compounds by d i a z o t i  z a t i o n  f o l  lowed by t r ea tmen t  wi t h  
methanol i s  n o t  desc r ibed  i n  t he  l i t e r a t u r e  except  as an a f t e r t h o u g h t .  
A lcoho ls  have been used e x t e n s i v e l y  t o  reduce t he  diazonium group o f  an 
a r y l  d i  azonium compound t o  t he  hydrogen s u b s t i  t u t e n t ,  a1 though i t  has been 
noted t h a t  t h e  r e a c t i o n  y i e l d e d  a  g r e a t e r  p r o p o r t i o n  o f  t he  a1 k y l - a r y l  
e t he rs  as t h e  mo lecu la r  we igh t  o f  t h e  a1 coho1 decreased. The Z-naphthalene- 
d iazonium-5-su l fonate was i s o l a t e d  as a  dark - red  c r y s t a l  l i n e  s o l i d .  
L i t e r a t u r e  sources desc r i be  t he  m a t e r i a l  as a  green, m ic roc rys  t a l l  i n e  
powder (46)  , o r  as go lden ye1 low needles o r  pr isms (47)  , o r  as t h e  hydro- 
ch l  o r i d e  which i s  a  ye1 low pas te  ( 4 1 ) .  The compound was i d e n t i f i e d  as a  
naphtha1 enedi azoniumsul f ona te  f rom t h e  i n f r a r e d  spectrum because o f  t he  
sharp, s t r o n g  hand a t  2280 cm-l o f t e n  c r e d i t e d  t o  t h e  diazonium group 
abso rp t i on  and t he  mu1 t i p l e  bands i n  t h e  1300-1000 cm-l r e g i o n  o f t e n  
c r e d i t e d  t o  the s  u l  f o n a t e  f u n c t i o n a l  group. The sod i  urn 2-methoxynaph t h a l  ene- 
5-su l  fona t e  i s o  1  a ted  f rom the  r e a c t i o n  o f  the  d i  azoni  um compound w i t h  
methanol was cha rac te r i zed  as a  s u l f o n i c  a c i d  s a l t  by t h e  m u l t i p l e  bands 
i n  t h e  1300-1000 cm-l i n f r a r e d  r e g i o n  and as a  methoxy compound by a  
s i n g l e  peak i n  t h e  NMR r eg ion  a t t r i b u t e d  t o  a l i p h a t i c  p ro tons .  
The 2-naphthol-1-sul  f o n i c  a c i d  was i s o l a t e d  as t h e  sodium s a l t .  Th is  
p roduc t  was i d e n t i f i e d  by  p repa ra t i on  o f  t h r e e  a r y l  amine-sal t d e r i v a t i v e s .  
The d e r i v a t i v e s  were t he  a n i l i n e  s a l t :  mp 166-167 "C [lit. mp 167 - 168 
"C (48 ) ,  182 "C, co r .  (49) ] ,  the  o - t o l u i d i n e  s a l t :  mp 181.5-183 " C  [lit. 
mp 178-179 "C, co r .  (48 ) ] ,  and t he  p - t o l u i d i n e  s a l t :  mp 161-162.5 " C  
[lit, mp 162 "C ,  co r .  ( 4 8 ) l .  
The acetoxynaphthal  enesul f o n y l  c h l o r i d e s  cou ld  n o t  be gas chroma t o -  
graphed inasmuch as they decomposed i n  t h e  i n j e c t i o n  p o r t ,  which was q u i t e  
e v i d e n t  s i n c e  g lass columns were used. 
*, , 
On t h e  o t h e r  hand t h e  methoxynaphthal enesul fony l  c h l o r i d e s  were 
r e a d i l y  gas chromatographed by i n j e c t i n g  a  ch l o ro fo rm  d i s s o l v e d  sample. 
A  column temperature o f  195 "C w i t h  a  he1 i um- f l  ow r a t e  o f  about 100 
cc lm in  worked very  s a t i s f a c t o r i l y  f o r  these compounds. The gas chromato- 
graphy of  t he  methoxynaphthal enesul fonyl  c h l o r i d e s  s t u d i e d  r e q u i r e d  no 
spec i  a1 techniques o r  hand1 i n g .  The compounds a r e  apparen t l y  t he rma l l y  
s  tab1 e  d u r i n g  t he  v a p o r i z a t i o n  and s e p a r a t i o n  processes. Good separa- 
t i o n s  o f  the  methoxynaph tha lenesu l  f ony l  c h l o r i d e s  f rom i m p u r i t i e s  p resen t  
i n  t he  s t a r t i n g  m a t e r i a l  were observed u s i n g  e i t h e r  20 % high-vacuum, 
s i l i c o n e  grease o r  5 % s i l  icone-uum rubber ,  SE-30, on  Chromosorb W-AM-DMCS. 
The r e s u l t s  are shown i n  Table  1, Pa r t s  I and 11. 
Thus t h e  f e a s i b i l i t y  has been demonstrated o f  t h e  p u r i f i c a t i o n  and 
i s o l a t i o n  o f  v o l a t i l e  d e r i v a t i v e s  o f  p o s i t i o n a l  isomers o f  c e r t a i n  naph- 
t h o l s u l  f o n i c  ac ids .  Qua1 i t a t i v e  i d e n t i f i c a t i o n  o f  severa l  o f  t h e  isomers 
i s  a l s o  p o s s i b l e  us i ng  t h e  r e t e n t i o n - t i m e  data ob ta ined .  Expansion o f  the  
work r e p o r t e d  here w i l l  a1 low q u a n t i t a t i v e  de te rm ina t i on  o f  t h e  v o l a t i l e  
d e r i  v a t i  ves . L indah l  and Cas key (50)  , p r e v i o u s l y  presented o r a l l y  t he  
work r epo r t ed  here.  
The degrada t ion  o f  t he  methoxynaphthal enesul f ony l  c h l o r i d e s  t o  t h e  
r e s p e c t i v e  naph tho lsu l  f o n i c  ac ids  needs c a r e f u l  s c r u t i n y .  A1 though i t  
may n o t  be p o s s i b l e  t o  s y n t h e t i c a l l y  o b t a i n  a l l  o f  t he  geomet r i ca l  isomers, 
i t  i s  reasonable t o  expect  t h a t  severa l  can be ob ta ined .  
The work r epo r t ed  here i s  c u r r e n t l y  be ing  extended i n  t h i s  l a b o r a t o r y .  
Table I .  Retenti on Times of Methoxynaphthal enesul fonyl Chlorides 
Part  I .  Column Packing of 20 % H i  gh-Vacuum, Si 1 i cone 
Grease on Chromosorb-W-AM-DMCS 
Subs ti tuted 
Naphthalenes 
Ren ten t i  on Time 
( m i  n) 
3.5-Foot 
Col umn 




a t  
200 "C 
Tab1 e I .  Retention Times of  Methoxynaphthalenesul fonyl Chlorides 
P a r t  I I .  Col umn Packing of 5 % Si 1 icone-Gum Rubber, 
SE-30, on Chromosorb-W-AW-DMCS 
Subs ti tu ted  
Naph tha l  enes 
Retenti on Time 
(min) 
2- Foo t 4- Foo t 
Col umn Col umn 
a t  a t  
190 "C 195 "C 
V .  CONCLUSION 
I t  can be concluded t h a t  i t  i s  f e a s i b l e  t o  develop a  gas chromato- 
g raph ic  method f o r  the ana l ys i s  of  the  i somer i c  naphthol  monosul f o n i c  
ac ids t h a t  w i l l  use t he  methoxynaphthalenesul fony l  c h l o r i d e s  as t he  
chromatographabl e  d e r i v a t i v e s  . 
I t  a1 so appears t h a t  t he  syn thes is  o f  methoxynaphthalenesul f o n i c  
ac ids from t h e  corresponding aminonaphthalenesul f o n i c  ac ids  v i a  the  
r e a c t i o n  of  t he  diazonium compound w i t h  methanol may be an impo r tan t  
pathway by which t he  e n t i  r e  i somer ic  s e r i e s  o f  methoxynaphthelenesul f ony l  
ch lo r i des  can be prepared so t h a t  a  more complete gas c h r ~ m a t o g r a p h i c  
method can be developed. 
The f e a s i b i l  i ty o f  de te rmin ing  the p u r i t y  o f  naphthol  s u l  f o n i c  acids,  
has l e d  n o t  o n l y  t o  t h e i r  p repa ra t i ve  gas chromatography, b u t  opens wide 
the  door t o  the  p repa ra t i on  o f  new, pure  n i  t r osonaph tho l su l f on i c  ac ids  
which w i l l  be s e n s i t i v e ,  s p e c i f i c ,  i d e a l ,  wa te r -so l  uh le  reagents f o r  t he  
de te rm ina t i on  o f  t r a c e  i m p u r i t i e s  i n  water .  
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NOTE 
* The chemical  1  i t e r a  t u r e  names t h e  d iazo  t i zed ami nonaph t h a l  ene- 
s u l  f o n i c  a c i d  i n n e r  s a l t s  i n  s e v e r a l  d i f f e r e n t  ways. The compound 
o b t a i n e d  f r o m  t h e  d i a z o t i  z a t i o n  o f  2-ami nonaphtha l  ene- 5-su l  f o n i  c  ac id ,  
wh ich we have c a l  l e d  2-naphtha lened iazon i  um-5-sul f o n a t e  th roughou t  t h i s  
Chapter,  can a1 so be found t o  be named as f o l l o w s :  Z-diazonaphthalene- 
5-su l  f o n i c  a c i d ;  2-d iazonaphtha lene-5-su l fonate ;  and 5-su l  fonaph tha l  ene- 
2-diazonium hydrox ide ,  i n n e r  s a l  t, which i s  c u r r e n t l y  t h e  p r e f e r r e d  
Chemical Abn;tcLu& nomencl a  t u r e  . 
The d iazon ium compound o b t a i n e d  f r o m  the  d i  a z o t i  z a t i o n  o f  l -amino- 
2-naphtho l -4-su l  f o n i c  a c i d ,  wh ich we have c a l  l e d  2-hydroxy-1-naphthalene- 
d iazon ium-4-su l fona te ,  can be  found l i s t e d  under any o f  t h e  f o l l o w i n g  names 
1-d iazo-  2-naphthol  -4-su1 f o n i  c  a c i d ;  1,2-naphtholquinone-4-sul f o n i c  a c i d -  
1  - d i a z i d e  1 ,2-d iazo-ox ide n a p h t h a l e n e - 4 - s u l f o n i c  a c i d ;  o r  2- 
hydroxy-4-su l  fo -1-naphtha lened iazon i  um hydrox ide ,  i n n e r  s a l t ,  wh ich  i s  
c u r r e n t l y  t h e  p r e f e r r e d  ChemicuR Ab~;tnu& nomenclature.  
* See page 21 5  f o r  re1  a t e d  ma t e r i  a1 . 
Chapter 6 
HIGHLIGHTS OF THE RESEARCH -- A SUMMARY 
A1 b e r t  L .  Caskey 
The r e s u l  t s  o f  much research remains h idden i n  t he  dusty,  bound vol  umes 
o f  s o p h i s t i c a t e d  s c i e n t i f i c  j ou rna l s  on out-of- the-way she1 ves i n  1 i b r a r i e s .  
The r e s u l t s  o f  much o t h e r  research a re  l o s t  i n  the s c i e n t i f i c  j a rgon  o f  
authors  who w r i t e  on l y  a t  t he  l e v e l  o f  t h e i r  p ro fess iona l  co l leagues.  
Personnel i n  o t h e r  d i s c i p l i n e s  and t he  p r a c t i c i n g  engineer  and laymen 
o f t e n  never come i n  c o n t a c t  w i t h  such research r e s u l t s ,  and i f  they do, 
t h e  words t h a t  are used leave  t he  readers w i t h  l i t t l e  en l ightenment .  I n  
t h i s  Chapter i s  recorded an a t tempt  t o  r e p o r t  i n  laymen's terms t he  
s i g n i  f i  can t  accompl i s  hments o f  t he  research repo r ted  i n  d e t a i  1 i n  Chapters 
1 through 5. I t  i s  hoped t h a t  t h i s  summary w i l l  a i d  those who read i t .  
I n  manufactur ing, i n  t he  chemical i n d u s t r y ,  i n  h o s p i t a l s ,  i n  env i ron-  
mental 1 abo ra to r i es  , i n  p o l  1 u t i o n  c o n t r o l  , i n  eval  u a t i o n  o f  n a t u r a l  
resources, i n  wa te r  resources, i n  t h e  food i n d u s t r y ,  and i n  many o t h e r  
areas o f  modern l i f e ,  t he  c o n t r o l  chemist  serves t o  eva l  uate n a t u r a l  
resources, s t a r t i n g  m a t e r i a l s ,  i n t e rmed ia te  products ,  and t h e  f i n a l  
p roduc t .  The c o n t r o l  chemist  i s  e s s e n t i a l  t o  modern s o c i e t y .  Wi thou t  
t h e  c o n t r o l  chemis t  qua1 i t y  goods and s e r v i c e s  t h a t  we t a k e  f o r  g ran ted  
would  n o t  e x i s t .  
I d e a l l y ,  the  c o n t r o l  cher r i s t  d e s i r e s  some k i n d  o f  "probe"  which can 
be i n s e r t e d  i n t o  t h e  sample, such t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  con- 
s t i t u e n t  o f  i n t e r e s t  can then  be read  on a  d i a l  o r  recorded  by a  r e c o r d e r .  
I n  an e n v i  ronmental  s i t u a t i o n ,  t h e  probe would  measure t h e  c o n c e n t r a t i o n  
of a  p o s s i b l e  p o l l u t a n t .  I n  a  n a t u r a l  - resource  s i t u a t i o n ,  perhaps t h e  
probe would  measure t h e  amount o f  a  v a l u a b l e  m i n e r a l  p resen t .  
The probe can take  many shapes and forms. Perhaps one o f  t h e  
s i m p l e s t  probes i s  a  chemical  reagent  wh ich  can be added t o  a  s o l u t i o n  
o f  t h e  sample w i t h  t h e  fo rmat ion  o f  a  c o l o r .  The amount o f  c o l o r  formed 
depends upon t h e  amount o f  t h e  c o n s t i t u e n t  t o  be determined. A h i g h  
c o n c e n t r a t i o n  o f  c o n s t i t u e n t  r e s u l t s  i n  an i n t e n s e  c o l o r .  A low con- 
c e n t r a t i o n  o f  t h e  c o n s t i t u e n t  r e s u l t s  i n  a  f a i n t  c o l o r .  By measur ing t h e  
i n t e n s i t y  o f  t h e  c o l o r ,  o r  the  amount o f  t h e  c o l o r ,  t h e  amount o f  the  
cons t i  t u e n t  t o  be determined i s  d i r e c t l y  measured. 
I n  wa t e r - r e s o u r c e  s i t u a t i o n s  , t h e  i d e a l  probe i s  a  wa te r -so l  u b l  e, 
s p e c i f i c ,  cheap, r e a d i l y  a v a i l a b l e  reagen t  t h a t  can be added t o  a  sample 
w i t h  l i t t l e  p r i o r  t r e a t m e n t  and w i t h  s i m p l e  techniques, u s i n g  s i m p l e  
ins t ruments ,  and t h e  amount o f  p o l l u t a n t  o f  i n t e r e s t  measured. The main  
d i r e c t i o n  o f  t h i s  research was t o  design,  prepare,  s tudy,  and e v a l u a t e  
such i d e a l  reagents  . 
The search f o r  new reagents  i n v o l v e d  s e v e r a l  i n t e r r e l a t e d  and y e t  
independent  p r o j e c t s .  Perhaps t h e  most e s s e n t i a l  1  i ne o f  endeavor focused 
on t h e  p r e p a r a t i o n ,  o r  s y n t h e s i s ,  o r  new reagen ts .  A1 though many o f  t h e  
s t a r t i n g  m a t e r i a l s  were a v a i l a b l e  from commercial sources,  t h e  chemica ls  
a v a i l a b l e  were n o t  pu re  and i n  genera l  had unknown composi t ions.  I t  was 
e s s e n t i a l  , then, t o  f i n d  a  method o f  p r e p a r i n g  t h e  reagents  t h a t  y i e l d e d  
pu re  r r ~ a t e r i a l s  and t h a t  a l s o  y i e l d e d  a  means o f  i d e n t i f y i n g  each reagent .  
The work r e p o r t e d  i n  Chapter 5 was d i r e c t e d  t o  t h e  s o l  u t i o n  o f  t h i s  
problem. A method of  p u r i f i c a t i o n  and p r e p a r a t i o n  o f  a l l  o f  t h e  naph tho l?  
s u l  f o n i c  a c i d s  has been developed. The method uses b o t h  a n a l y t i c a l  and 
p r e p a r a t i v e  gas chromatography, a  techn ique  t h a t  i s  abou t  twenty  y e a r s  
o l d .  The i n f o r m a t i o n  o b t a i n e d  h e r e  a1 lows f u t u r e  workers  t o  p r e p a r e  and 
i d e n t i f y  any o f  more t h a n  a  dozen reagents  i n  t h i s  s e r i e s  o f  corr~pounds. 
Perhaps t h e  n e x t  most i m p o r t a n t  aspec t  of  t h e  o v e r a l l  p r o j e c t  was t o  
s tudy  i n  a  q u a n t i t a t i v e  way t h e  p r o p e r t i e s  o f  each o f  s e v e r a l  reagen ts .  
By c a r e f u l l y  a s s i a n i n g  numbers, measured i n  t h e  l a b o r a t o r y ,  t o  t h e  com- 
pounds i t  i s  p o s s i b l e  t o  a c c u r a t e l y  d e s c r i b e  t h e i r  p r o p e r t i e s .  T h i s  work, 
t h e  f o u n d a t i o n  f o r  wh ich i s  d e s c r i b e d  i n  Chapter 4  o f  t h i s  r e p o r t ,  has 
a1 ready been extended i n  t h i s  1  a b o r a t o r y .  By e v a l u a t i n g  these  p h y s i c a l  
p r o p e r t i e s  ve ry  a c c u r a t e l y ,  i t  i s  much e a s i e r  t o  make p r e d i c t i o n s  concernir tg 
t h e  des ign  o f  new reagents .  
I n  research,  as i n  any endeavor, a  r e a l  measure o f  t h e  p r a c t i c a l  
v a l u e  i s  d i r e c t  a p p l i c a t i o n  t o  immediate problems t h a t  need s o l v i n g .  
Hence, e f f o r t  was d i r e c t e d  toward s o l  v i n g  s p e c i f i c  problems i n v o l  v i n g  
p o l  1  u t i  on i n  n a t u r a l  -wa t e r  sys  tems such as ri vers  , 1  akes , and o t h e r  
s t reams.  These e f f o r t s  focus on  methods f o r  d e t e r m i n i n g  n i t r a t e ,  a  
common chemical  found i n  f e r t i l i z e r  and sewage, and c o b a l t ,  one of t h e  
t r a c e  elements e s s e n t i a l  f o r  1  i f e .  
The work r e p o r t e d  i n  Chapter  1  desc r ibes  a  new method f o r  t h e  
d e t e r m i n a t i o n  o f  n i t r a t e  i n  n a t u r a l  w a t e r s .  The proposed r e a g e n t  i s  
2 - n i  t r o s o l - 1  - n a p h t h o l - 4 - s u l f o n i c  a c i d  wh ich  r e a c t s  w i t h  n i t r a t e  t o  form 
a  c o l o r e d  compound, 2 -n i  t ro -1 -naphtho l -4 -su l fon i  c  a c i d .  A w a t e r  sarnpl e  
i s  t a k e n  and s i m p l y  t r e a t e d  t o  remove any s o l i d  p a r t i c l e s  t h a t  a r e  
presen t  i n  i t  and a l s o  any i n t e r f e r i n g  substances, and then  t r e a t e d  w i t h  
t h e  reagent .  An a c i d  i s  added and t he  r e a c t i o n  m i x t u r e  heated a t  60 O C  
f o r  about t h i r t y  minutes. The r e a c t i o n  i s  stopped, t h e  s o l u t i o n  d i l u t e d  
t o  volume, and t h e  i n t e n s i t y  o f  t h e  c o l o r  measured. 
The method can be r u n  u s i n g  very s imp le  ins t rumenta t ion ,  o r  very  
complex i ns t rumen ta t i on  avai  1  ab le  on l y  i n  very s o p h i s t i c a t e d  chemical 
l a b o r a t o r i e s .  Thus i t  i s  r e a d i l y  adaptable t o  s imp le  techniques used 
i n  wa te r  t rea tment  p l a n t s .  
Other  than "D re f t , "  a  commercial l y  a v a i l  able,  common, househol d  
de te rgen t ,  and ch lo r i de ,  t h e  on l y  i n te r f e rences  encountered w i t h  t h e  
method were o x i d i z i n g  and reduc ing agents which a re  commonly n o t  found i n  
na tu ra l  -wa te r  sys tems . Removal o f  i n t e r f e r i n g  substances i s  r e a d i l y  
accornpl ished.  
The accuracy o f  t he  method, determined by t h e  recovery o f  a  known 
added amounts o f  n i t r a t e ,  was found t o  b e  b e t t e r  than the  Bruc ine  method, 
which i s  one o f  t h e  s tandard  methods commonly used today. The pro longed 
evaporat ions necessary f o r  use w i t h  t h e  P h e n o l d i s u l f o n i c  a c i d  method are 
n o t  necessary w i t h  t h i s  method. Hence, t h i s  method i s  much more r a p i d  
than  t h e  s tandard  Pheno ld i su l f on i c  a c i d  method i n  common use. 
Methods f o r  t h e  de te rmina t ion  o f  i m p u r i t i e s  i n  many substances a re  
proposed by a l l  k inds o f  persons work ing  i n  many 1  abora to r ies  and many 
na t i ons .  Qlany o f  t he  proposed methods a re  s t u d i e d  o n l y  b r i e f l y ,  and 
t h e r e f o r e  con ta in  major  f l aws .  Whi le  work ing  on the  method f o r  n i t r a t e  
descr ibed  i n  Chapter 1, and b r i e f l y  summarized above, a r e p o r t  was found 
which i n d i c a t e d  1 -naphtho l -4 -su l fon ic  a c i d  was a  s a t i s f a c t o r y  reagent  f o r  
n i t r a t e .  Th is  substance i s  very s i m i l  i a r  i n  s t r u c t u r e  t o  pheno ld isu l  f o n i c  
a c i d  and 2 -n i t roso-1 -naph tho l -4 -su l fon i  c  ac i d ,  t he  reagent  descr ibed  
Chapter 1  . Hence, i t s  use m igh t  be expected t o  become common. However, 
as t h e  work i n  Chapter 2  c l e a r l y  shows, t he  r e p o r t  i n  t h e  l i t e r a t u r e  
d i d  n o t  t e l l  t he  whole s t o r y  on t h e  use o f  1-naphtho l -4-su l  f o n i c  a c i d  
as a  reagen t  f o r  n i t r a t e .  S tud ies  i n  o u r  l a b o r a t o r y  show t h a t  t h e  
r epo r t ed  cond i t i ons  o f  t h e  r e a c t i o n  were n o t  c o r r e c t .  Severa l  o t h e r  
ques t ions  were a l s o  r a i sed .  The background s t u d i e s  r epo r t ed  i n  Chapter 2 
have been expanded i n  o u r  l a b o r a t o r y  so t h a t  t he  complete c o n d i t i o n s  
necessary f o r  t h e  use o f  1 -naph tho l -4 -su l fon ic  a c i d  as a  reagent  f o r  
n i t r a t e  have been determined. We have been a b l e  t o  show t h a t  t h e  con- 
d i t i o n s  f o r  t h e  use o f  t h e  reagent  rr~ust be very  c a r e f u l l y  c o n t r o l l e d .  
I t s  use i n  o r d i n a r y  c o r ~ t r o l  l a b o r a t o r i e s ,  such as i n  w a t e r  t rea tment  
p l a n t s  o r  sewage t r ea tmen t  p l a n t s ,  p robab ly  i s  n o t  r e a l  l y  p r a c t i c a l  . 
I t  i s  be1 i eved  t h a t  t h i s  work w i  11 save many o t h e r  persons i n  o t h e r  
l a b o r a t o r i e s  many headaches w h i l e  t r y i n g  t o  use t h i s  method o f  determina- 
t i o n .  
The element c o b a l t  occurs i n  t h e  midwestern U n i t e d  S ta tes  i n  t h e  
l e a d  and z i n c  depos i t s  i n  t h e  Ozark ivlour~tai r ~ s  i n  c e n t r a l  and eas te rn  
M i ssou r i .  I t  i s  an e s s e n t i a l  element i t-I v i  tarnine B1 2. One needs t o  be 
concerned w i t h  s i g n i f i c a n t  concen t ra t i o r~s  o f  any o f  t h e  heavy r r~eta ls  i n  
w a t e r  systems. Th is  s e r i e s  o f  reager~ ts  i s  i d e a l l y  s u i t e d  t o  t h e  de te r -  
r r ~ i n a t i o n  o f  c o b a l t .  As descr ibed  i n  Chapter 3, c o b a l t  r eac t s  w i t h  
sodium 2 -n i  t roso-1-naphtho l -5-su l  f ona te  t o  form a  b e a u t i  f u l  l y  co lored,  red, 
very  s t a b l e  complex. I t  has been shown t h a t  t h e  reagen t  r eac t s  s p e c i f i c -  
a1 l y  w i t h  cobal t, and t h e  o t h e r ,  cornrnon, heavy meta ls  do n o t  i n t e r f e r e .  
One merely needs t o  take a  sarnpl e  o f  wa te r ,  add t h e  reagent,  a d j u s t  
t he  pH o f  t h e  s o l u t i o r ~  t o  n e u t r a l ,  and pour  t h e  m i x t u r e  i n t o  a  f l a s k  
c o n t a i n i n g  excess a c i d .  A f t e r  t h e  s o l u t i o n  i s  d i l h t e d  t o  a  known volume 
t he  c o l o r  i s  measured. The method can be used i n  any l abo ra to r y .  The 
method i s  s p e c i f i c  enough t o  work on compl icated samples such as s t e e l s ,  
which shows t h e  s p e c i f i c i t y  o f  t h e  reagent .  
The communication o f  r e s u l t s  o f  research e f f o r t s  t o  the  p u b l i c  i s  
o f  pr ime importance, as i s  r a p i d  p r e s e n t a t i o n  o f  l a b o r a t o r y  f i n d i n g s  t o  
p ro fess iona l  co l leagues.  The f i n d i n g s  o f  much o f  t h e  research done on 
t h i s  p r o j e c t  have been presented a t  va r ious  s c i e n t i f i c  meetings. The 
t i t l e s  and o t h e r  p e r t i n e n t  i n f o r m a t i o n  f o r  the  papers presented a t  
s c i e n t i f i c  meetings have been summarized i n  Table 1 . 
The pub1 i c records show the  suppor t  f o r  t h i s  p r o j e c t  f rom funds 
p rov ided  by t he  O f f i c e  o f  Water Resources Research o f  t he  Un i t ed  S ta tes  
Department o f  I h t e r i o r  through t he  Water Resources Center, Urbana, 
I l l i n o i s  as au tho r i zed  under t he  Water Resources Research A c t  o f  1964, 
P. L .  88-379. However, these p u b l i c  records do n o t  show the  d i r e c t  
suppor t  by Southern I 1  1  i n o i  s  Uni v e r s i  ty . The Uni vers i ty funds expended 
d i r e c t l y  f o r  t h e  research i n v o l v e d  w i t h  t h i s  p r o j e c t  a re  summarized i n  
Tab le  2. The f u l l  commitment o f  Southern I 1  l i n o i s  U n i v e r s i t y  t o  t h e  
s o l u t i o n  o f  environmental  problems i s  evidenced by t he  c o n t r i b u t i o n ,  which 
i s  s i n c e r e l y  apprec ia ted  and acknowledged, as i s  t he  suppor t  o f  t he  
Un i t ed  S ta tes  Department o f  I h t e r i o r .  
The pa t i ence  and encouragement o f  Nancy J. Caskey a r e  g r a t e f u l l y  
acknowleged, as i s  h e r  handiwork i n  t he  p r e p a r a t i o n  o f  rnany o f  t he  
drawings i n  t h i s  r e p o r t .  Many thanks a re  a l s o  due t he  l a d i e s ,  K i~nber lee  
Bu rd i ck  and p a r t i c u l  a r l y  Sandra Day, who typed t he  manuscr ipt ,  i r ~ c l  ud ing 
t he  many p r e l  im inary  d r a f t s .  
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R. J. Antepenko, F. N .  Abercrombie, and A. L. Caskey. "Some Aspects o f  t h e  
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3kd mid we^ t Regionat A4eeAing AmetLicun Chemicd SocieAy, Col hmbi a, M i s s o u r i  , 
22 (1967) .  
J. A. Rigdon, G. D. Car lson,  and A. L. Caskey. "Spec t ropho tomet r i c  Determina- 
t i o n  o f  C o b a l t  i n  N a t u r a l  Waters Us ing Sodi um 2-Ni t roso- l -Naph tho l -5 -  
S u l f o n a t e . "  AbaZu& 4;th Uick/Jat Regionat Mee;ting Amenican Chemicd SocieAy, 
Manhattan, Kansas, 20 (1968) .  
W .  A. G i f f o r d ,  C. E. k l i l l i a m s ,  G. D. Car lson,  and A. L .  Caskey. "Sodium 2- 
N i  t v . s o - 1  -Naphthol-5-Sul  fona te ,  a  Reagent f o r  t h e  Rapid and Accurate  Specto- 
p h o t o m e t r i c  D e t e r m i n a t i o n  o f  A v a i l  a b l e  C o b a l t  i n  S o i l s  ." AbnZu& Annual 
Meefing m a o w L i  Academy od Science, S t .  L o u i s  (1969) .  
G. D. Car l son  and A. L .  Caskey. " C o b a l t  i n  S t e e l s :  Sodium 2 - N i t r o s o - l -  
Naph tho1 -5-Sul f o n a t e  as an Accurate,  Convenient  Spec t ropho tomet r i  c  Reagent. " 
Aba;t/ta& 5kh Uidwat  Regionul Meefing AmetLicun C h e m i d  SocieAy, Kansas 
City, V l issour i ,  116 (1969) .  
F, N. Abercrombie and A. L. Caskey. "Use o f  2-Ni t roso-1-Naphthol-4-Sul  f o n i c  
A c i d  as a  Spec t ropho tomet r i c  Reagent f o r  N i t r a t e  i n  N a t u r a l  Waters."  6144 
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